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Chlorine, sodium and silicon have long been con- 
sidered as elements that are possibly essential to the 
growth and development of sugar beets and other 
plants. Of these elements Cl has been found just 
recently by Broyer et al (2) to correct a severe nutri- 
tional deficiency of the tomato plant when grown in 
low halide culture solutions. Raleigh (28) observed 
enhanced growth of table beets in culture solutions 
supplied with NaCl instead of Na,SO, as the source 
of Na. However, no symptoms attributable to a Cl 
deficiency were reported by him. Crowther (6) noted 
that sugar beet plants wilted less when Na was ap- 
plied as NaCl than when supplied as Na,SO4. Sig- 
nificant responses to chloride additions were observed 
in nutrient solutions by Lipman (21) for buckwheat, 
by Eaton (7) for tomatoes and cotton, and by 
Kretschmer et al (16) for lima bean fruit. 


As for Br, it has not been considered as a nutrient 
favorable to plant growth, even though it has been 
used repeatedly in ion absorption studies by many 
investigators for many years. 

Much has been written about Na in terms of direct 
and indirect effects upon plant growth (5, 9, 10, 19, 


90, 23). As an indirect factor of growth the bene- 
ficial effects of Na applications to the soil have been 
explained frequently as a release of K from the soil, 
or as promoting better root development (5). These 
phenomena have been considered of special impor- 
‘ tance in meeting the K requirements of plants on soils 
low in K. Quite often too the growth of plants has 
been increased by the addition of Na salts to soils 
(4, 5, 8, 17, 36) or to nutrient solutions low in K (12, 
24, 35). When plants are high in K, Na responses 
have been observed (12, 18, 31) but most often these 
are much reduced or not at all in evidence (4, 17, 18, 
22,35). Direct effects of Na on sugar beet growth in 
fie! experiments have been reported for muck soils 
by Harmer and Benne (9) and Harmer et al (10), for 
sand cultures by Tullin (32), and for table beets in 
pot experiments with soils by Larson and Pierre (18). 
Sodium deficiency symptoms have been reported (32) 
or described (9) in only a few instances and so far no 
specific function of Na, not performed by K, has been 
recorded (17, 19). Yet for the beet, “sodium may 
almost be deemed an indispensable nutrient element, 
approaching potassium in importance” (19). 
Silicon, when added as a silicate to soils, has been 
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considered primarily as contributing to the phosphate 
supply of the soil (29). Raleigh (26, 27) reported 
increased growth of table beets when silicates were 
added to culture solutions. He was unable to con- 
clude from his work whether the favorable effect was 
due to a healthier root system or to a specific need 
for Si by the plants for growth. 

In view of these reports, often indefinite in their 
conclusions, it was thought worthwhile to re-examine 
Na, Si and Cl in relation to the growth of sugar beet 
plants by adding these elements to otherwise complete 
culture solutions prepared from “chemically pure” 
salts. The initial experiment was of a factorial design 
using two levels of the elements in question. The first 
level of Cl, Na or Si was the amount present as an 
impurity in the salts and distilled water. The other 
level was an exact quantity added. It was thought 
that if the requirement for any one or more of these 
elements was larger than that provided by the im- 
purities present, it would be revealed by the increased 
growth of the plants at the higher nutrient level. If 
increased growth was not obtained, the second step 
to be taken would include a further purification of all 
salts for each of the elements not found to enhance 
growth or development of the sugar beet plant. Two 
other factors were also included in the experiment; 
K at 2 levels and 2 beet varieties, giving a total of 
5 factors each at 2 levels. 


METHODS AND MATERIALS 


PLant CutturE: The sugar beet (Beta vulgaris) 
varieties used in the 25 factorial experiment were US. 
22/3 and GW 304, and for the chloride series experi- 
ment, U.S. 75. In each instance 25 gm of seed were 
treated with 0.25 gm of the fungicide Phygon XL 
(United States Rubber Company, Naugatuck Chemi- 
eal Division, New York, New York). These seeds 
were planted 2.0 em deep in a 31 x 76 x 20 em germi- 
nating tray filled with industrial No. 2 vermiculite 
(California Zonolite Company, San Francisco, Cali- 
fornia). The seeds and seedlings were watered daily 
with one-half strength Hoagland’s culture solution 
(11). When the seedlings were in the early 2-leaf 
stage, single plants were transplanted to cork rings 
having approximately 6.0 cm outside and 4.0 em in- 
side diameters. The plants were held in place with 
non-absorbent cotton. Three plants prepared in this 
way were taken at random and inserted into a mason- 
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ite cover for each culture solution tank. The tanks 
were standard black iron buckets of 20-1 capacity that 
were lined on the inside with a plastic coating, Amer- 
coat No. 33 (Amercoat Corp., South Gate, California) 
and on the outside with aluminum paint. All culture 
solutions were aerated continuously. 

The compositions of the culture solutions for the 
25 factorial experiment are given in table I. The 
treatments essentially involved 2 sugar beet varieties 
and 2 levels of Na, Cl, Si and K, giving 32 treatments 
in duplicate or a total of 64 separate 20-1 tanks for 
the experiments. The plants were set out on October 
12, 1953 and harvested on January 14, 1954. 

The salts for the chloride series experiment were of 
the following initial concentrations: 0.001 M KH»POx,, 
0.00375 M Ca(NOs3)o, 0.001 M MgS0O,, 0.00025 M 
Na.SiOz, 0.25 ppm B, 0.25 ppm Mn, 0.025 ppm Zn, 
0.01 ppm Cu, 0.005 ppm Mo. Iron was added at the 
rate of 2.56 ppm as the ferric potassium ethylene dia- 
mine tetra-acetate complex (13). Salts equivalent to 
the above concentrations were added on June 3, and 
again on July 14, 1954. Chlorine as KCl, and bro- 
mine as KBr were added one time only in the concen- 
trations outlined in table IV. Potassium sulfate 
(0.5 M) was used to equalize the K concentrations for 
the various Cl levels. The culture solutions for both 
experiments were prepared from salts of the analyti- 
cal grade that tested low in halide. No special purifi- 
cation relative to Cl or Br was found necessary to 
produce halide deficiency symptoms on sugar beet 
plants. Except for the salt additions as noted, the 
solutions were not changed during the course of the 
experiment. The plants were grown from June 8 to 
August 2, 1954. 

Harvest: The tops of the plants were separated 
from the roots at the first leaf sear. The fibrous roots 
were removed from the storage root, centrifuged for 
5 minutes at 39x g, weighed, and dried at 80°C ina 
forced draft oven. The storage roots were weighed 
and pulped, and 3 samples weighing 26.0 gm each 


were frozen with dry ice immediately and anal: zed 
for sucrose at a later date. The tops of the pl. nts 
were separated into recently matured leaves, i.e., t) ose 
normally showing the first symptoms of K deficie: cy, 
and immature leaves, i.e., those which normally show 
the first Cl deficiency symptoms. The petioles — nd 
blades of these leaves were weighed and dried se a- 
rately. 

In the Cl series experiment the leaf separations 
were extended to include the living leaves older thian 
the ones matured recently. Only the upper half of 
each blade, exclusive of the mid-rib, was saved as the 
“blade” material for chemical analysis. The petiole 
material did not include the mid-rib of the leaf blade. 
All leaf material after drying at 70 to SO°C was 
ground to pass the 40-mesh sieve of a Wiley mill. 

ANALYTICAL ProceDuRE, Chlorine: The very smull 
amounts of Cl in the plant material of Cl deficient 
plants made it necessary to adopt the micro-diffusion 
method for Cl as deseribed by Conway (3). This 
method was modified for plant material and is based 
on that used by Broyer et al (2). Ground plant ma- 
terial (0.6 gm for Cl deficient and 0.1 gm for Cl 
treated plants) was mixed thoroughly with a low 
halide CaO which was prepared as recommended by 
Piper (25). The CaO-sample mixture was moistened 
with water, allowed to stand for 30 minutes, evapo- 
rated to dryness and ashed for 15 hours at 500° C in 
an electric muffle. The ash was dissolved by adding 
5.0 ml redistilled water and 5.0 ml of 40N HNO, 
and then digesting on the steambath for 5 minutes. 
The extract was made up to a 25.0 ml volume. An 
appropriate aliquot of this extract was placed in the 
outer compartment of a Conway dish and the total 
sample volume was made up to 2.0 ml with redistilled 
water. Three ml of freshly prepared 6.7 % KI was 
added to the center compartment. An oxidant mix- 
ture of 30 % H.SO, and 3.0% KMn0O, (prepared by 
mixing 15.0 ml of precooled 60 % H.SO, and 15.0 ml 
of 6 % KMnQ, in an ice bath) was added to the outer 


TABLE [| 
CHEMICAL COMPOSITION OF NUTRIENT SOLUTIONS IN MILLIEQUIVALENTS Per LITER 
For 2° FactorIAL EXPERIMENT * 


HIGH POTASSIUM SOLUTIONS 


K* Ca** Na* 


so- Cl 
0 4.0 5.0 0 2.25 0 
Cl 4.0 5.5 0 2.25 0.5 
Na 40 5.0 0.5 2.75 0 
NaCl 4.0 5.0 0.5 2.25 0.5 
Si 4.0 5.0 0 2.25 0 
SiCl 4.0 5.5 0 2.25 0.5 
NaSi 4.0 5.0 0.5 2.25 0 
NaSiCl 4.0 5.0 0.5 2.25 0.5 





Low POTASSIUM SOLUTIONS 


Si03 K Ca** Na* SO0= cl Si0;> 
0 0.5 8.5 0 2.25 0 0 
0 0.5 8.5 0 2.25 0.5 0 
0 0.5 8.5 0.5 2.75 0 0 
0 0.5 8.5 0.5 2.25 0.5 0 
0.5 0.5 8.5 0 2.25 0 0.5 
0.5 0.5 9.0 0 2.25 0.5 0.5 
0.5 0.5 8.5 0.5 2.25 0 0.5 
0.5 0.5 8.5 0.5 2.25 0.5 0.5 


* Both the high and low K solutions also received 7.5 meq NOs, 1.0 meq HzPO,, 2.0 meq Mg’, 0.25 mg Mn”, 


0.25 mg B, 0.025 mg Zn**, 0.01 mg Cu**, 0.005 mg Mo and 4.9 mg Fe*** per liter. 


The iron was added as the ferric 


potassium ethylene diamine tetra-acetate complex, prepared as recommended by Jacobson (13). Silicon was added 
either as H2SiOs (suspension) or as Na2SiOs (solution). 
Salts equivalent to the foregoing concentrations were added to the 20-1 tanks on October 9, 1953 and again on 
November 24, 1953. Through these additions the low-K and high-K plants received a total of 20 and 160 meq K 
per 20-1 tank, respectively. An extra 0.5 mg Mn**/] was added as MnSO, to all solutions on December 11, 1953. 
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cor partment. A pre-greased glass lid was placed on 
the Conway dish immediately after the addition of 
the oxidant. The samples were covered with a white 
towel and left on the laboratory bench for 2 hours. 
At the end of this time the glass lids were removed 
and the KI solution in the center compartment was 
transferred by suction to a 5.0-ml volumetric flask. 
During the transfers, the center compartment was 
thoroughly rinsed with a 0.4 % starch solution. The 
flasks were made up to a 5.0-ml volume with a 0.4 % 
starch solution (3). The absorbance of the starch 
iodide color complex was determined by a Beckman 
Model B spectrophotometer with a \ of 540 my. 

Bromine: The Br analyses were done in 2 parts, 
1) an analysis of total halide and 2) an analysis of 
Br. The difference was assumed to be the Cl content. 
The analysis of the total halide was similar to the 
method for Cl analysis with the following exceptions: 
1) three ml of a solution of 0.6 % starch and 3.33 % 
KI was aded to the center compartment, 2) the Con- 
way dishes were shaken gently at 60 cycles per minute 
for 1.5 hours during the oxidation period, 3) during 
the transfers the center compartment was rinsed with 
redistilled water. The analytical procedure for bro- 
mine was essentially the same as for the total halide 
with the following change: 1.0 ml of 40% K,CrO, 
was added to the outer compartment followed im- 
mediately by 1.0 ml of 80% H2SOx4. 

Sucrose: The sucrose concentration of the beet 
roots was estimated in a saccharimeter after preparing 
a hot water extract of the frozen beet pulp samples 
as described by Browne and Zerban (1). 

Other Elements: Potassium and Na were deter- 
mined with a Perkin-Elmer flame photometer; NO3-N 
by the phenol-disulphonic acid method (15); PO4-P 
soluble in 2 % acetic acid by the phospho-molybdate 
method (33); and SO4-S by the H,S-methylene blue 
procedure (14). 


RESULTS 


25 FacrortaL: The sugar beet plants for the 2° 
factorial experiment were transplanted at the 2-leaf 
stage on Oct. 12, 1953 and harvested Jan. 14, 1954. 
The plants grew exceedingly well at the high K level 
except for a minor chlorosis of the blades of the im- 
mature and recently matured leaves of some of the 
plants. The symptoms were first observed on Decem- 
ber 10, 1953 and were particularly noticeable when 
the leaves were viewed through transmitted light. At 
that time the symptoms were thought to be an in- 
ecipient Mn deficiency which had appeared even 
though Mn had been added to all nutrient solutions. 
On December 11 an attempt was made to correct the 
supposed deficiency by adding 0.5 ppm Mn as MnSO,, 
to all cultures. However, one week later the symp- 
tonis still persisted. A review of all plants in the 
experiment was made on December 23. This inspec- 
tion revealed that of the 32 cultures high in K, regard- 
less of variety or the presence or absence of Na or Si, 
only the plants in the 16 cultures without Cl added 
showed the symptoms (fig 1). In the 32 cultures low 
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Fic. 1. Blades of sugar beet leaves from Cl deficient 
plants (3 leaves on the left) and from a non-deficient 
plant (leaf on the right). 


in K all plants showed the usual K deficiency symp- 
toms on the recently matured leaves, but in addition 
the center leaves of the plants in 15 out of the 16 cul- 
tures without the Cl added showed the same symp- 
toms as the high K plants that were lacking Cl. Thus, 
the K deficient plants without Cl added showed simul- 
taneously the usual K deficiency symptoms on the 
recently matured leaves and the Cl deficiency symp- 
toms on the immature center leaves of the sugar beet 
plant. The immature leaves of the plants low in K 
but with the Cl added were normal and without 
symptoms. 

The symptoms of Cl deficiency appear first as a 
chlorosis on the leaf blades of the younger leaves of 
the plant. The main veins and even the minor veins 
of these leaves remain green, while the interveinal 
areas are a light green to yellow in color. Through 
transmitted light, the leaf blade has a netted mosaic 
pattern with the branches of the veins forming the 
netting. Early phases of this pattern are reminiscent 
of Mn deficiency on sugar beet leaves. As the symp- 
toms develop, the interveinal areas appear as smooth 
flat depressions, light green to yellow in color, which 
is in striking contrast to the green veins having a 
“raised” appearance. The advanced stages of the de- 
ficiency for the sugar beet plant are unique for Cl and 
are clearly distinguishable from the mottling as ex- 
pressed by Mn, Fe, or Mo deficiency. Another special 
feature of Cl deficiency for plants grown in culture 
solution is the very stubby growth of the roots. The 
many stubs arising from secondary roots form a dis- 
tinctive and abnormal root structure (fig 2). 

In addition to the Cl deficiency symptoms noted 
on the leaves and roots of the sugar beet plant, the 
growth of the plant was retarded. These effects of Cl 
and those of Na, Si, and K are presented in table IT 
as average values for the two sugar beet varieties 
studied. From the average values and from the 
F-values of the statistical analyses (30) it is evident 
that the addition of Cl as the Ca or Na salt (table I) 
to low Cl culture solutions has resulted in significant 
increases in the fresh and dry weights of tops and 
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fibrous roots for plants at both K levels (table |). 
However, the addition of Cl to high K plants did 
increase the size of the storage root. Apparently 
time interval prior to harvest was insufficient for 
larger tops to effect an increase in root size. In tiie 
low K plants adding Cl actually decreased the stor: 
root size instead of increasing it as in the fibrous roo 

The effects of Cl upon the sucrose concentration 
of the beet roots depend upon the K status of 1 
plants. When plants are high in K, a Cl deficien 
causes a decrease in the sucrose concentration of t 
beet roots, but when the plants are low in K, a ( 
deficiency increases the sucrose concentration of t 
beet roots. This phenomenon can account for t 
conflicting reports of the effects of K deficiency 
sucrose concentration. Thus, when large amounts 
Cl are present in the culture solution as an impurit 
a K deficiency decreases the sucrose concentration 0} 
the beet root but when Cl is low or deficient, a kK 
deficiency increases the sucrose concentration of tl 
beet root. 

The Cl concentrations of the petioles of immature 
and recently matured leaves of Cl deficient plant: 
(table III) are the same as those at the lowest C! 
level in the Cl series experiment to be discussed later 
(see table IV). These values (table III) are approxi- 
mately the same for both the high and low K plants 
Neither the addition of Na, which increased the 
growth of the low K plants, nor that of Si influenced 
the petiole Cl concentrations of the plants deficient 
in Cl. The Cl concentrations of the high Cl-low Kk 
plants were much higher than for the high Cl-high k 
plants. This decrease in Cl concentration is a matter 
of dilution by growth rather than an interference of 
Cl absorption by plants high in K. Sodium added to 
the high Cl plants, except for the Si and NaSi com- 
parison increased the Cl concentration of the petioles 
rezardless of the K level; the increases being more 
pronounced for the mature than for the immature 
petioles (table IIT). 

An inspection of the top growth made by the 
plants at the 2 K and Cl levels reveals an interesting 
interplay of these 2 elements (table II). Growth of 
the low K-low Cl plants can be increased for example, 
from 230 to 343 gm/pot by the addition of Cl, or 
from 230 to 500 gm/pot by the addition of K. In the 
presence of adequate amounts of Cl, the addition of 
Kx to the low K culture increased the growth from 343 
to 693 gm/pot. At first glance, the increase in growth 
from 230 to 343 gm/pot by adding Cl to the low K 
culture appears to have extended the effectiveness of 
IX in a manner analogous to the recognized sparing 
action of Na for low K plants (comparison of Cl, 343, 
with NaCl, 415). However, the effect of Cl added to 
the low K plants is not the same as that of Na, since 


Fic. 2. Roots of Cl deficient (upper, left) and of 
non-deficient (wpper, right) sugar beet plants. Roots in 
center photograph are from Cl deficient plants and those 
in lower photograph from non-deficient plants. Roots 
have been set into 4-1 beakers for photographing only. 
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TABLE II 


EFFECTS OF CHLORINE, PoTasstuM, Sopru 


M AND SILICON UPON SuGArR BEET PLANTS 


Tops Roots 
a é : = SucROSE Brave K 
Facan Des STORAGE, F1provs, Of Of 
TREATMENT * GM GM stoi yl 
GM GM 
Hich Low Hich Low HicH Low Hich Low HicH Low Hicu Low 
Kk kK K Kk K Kk K K K kK K K 
Treatment x K means (4 values) 
0 500 230 562.7 325 145 68 2.05 2.10 8.4 10.4 6.42 0.58 
Cl 693 343 652 382 166 43 2.72 430 93 89 5.18 0.57 
Na 527 277 583 39.9 155 89 3.25 2.55 8.0 9.7 5.37 0.43 
NaCl 744 415 729 43.9 195 59 423 4.76 93 92 3.91 0.57 
Si 529 220 59.1 29.7 174 65 2.88 2.02 9.1 98 5.57 0.63 
SiCl 735 329 72.1 o¢.1 191 53 3.71 487 10.4 8.2 4.22 0.64 
Na&Si 537 314 61.0 446 216 103 2.49 3.26 8.9 9.1 4.65 0.50 
NaSiCl 833 444 84.7 495 225 69 6.09 6.27 10.4 92 3.55 0.57 
LSD (Student) 
5% level 116 74 10.6 79 na, 21 1.33 122 ns ns Li ns 
LSD (Student) 
1% level 160 102 146 10.9 ns. 29 1.83 1.68 ns ns 1.55 ns 
Variety x K means (16 values) 
US. 22/3 608 298 60.5 36.1 175 69 294 3.17 8.9 94 5.02 0.55 
GW 304 667 345 710 428 191 69 3.91 4.36 9.5 92 4.69 0.57 
F-values ** 
Cl 693 489 408 88 20 258 25 795 8.4 10.6 23.4 21 
Si 24 0.4 78 0.7 5.7 26 54 5.6 48 28 7A 16 
Na 28 21.9 78 29.4 | 20.7 14.1 96 0.1 0.0 13.6 53 
Variety 47 7.1 176 13.2 Lt 0.0 9.6 17.0 1.9 03 15 0.1 


*Cl, Na, Si refer to the high level treatment. 


** Required F-values for the one degree of freedom for each treatment, Cl, Si, Na, and Variety, and the 16 de- 


grees of freedom for error are 4.49 and 8.53 for the 5% 


and 1% 'evels, respectively. The treatment interactions 


were not significant statistically, except for a few instances at the 5% level only. 


the distinctive Cl deficiency symptoms in the center 
leaves disappear upon the addition of Cl. A probable 
explanation for the response by adding either Cl or K 
to low Cl-low K plants can be found in the different 
abilities of these 2 ions to be reutilized within the 
plant. Potassium is readily mobilized from older 
leaves and moved to newly formed ones, whereas with 
Cl this does not appear to be the case. Thus, for 
plants deficient in both K and Cl, added Cl removes 
the Cl stress of the newly formed center leaves, and 
the Cl deficiency symptoms disappear. With the Cl 
stress removed, the younger center leaves utilize the 
K from the older leaves and more plant growth takes 
place. When K,SO, was added to low Cl-low K 
plants Cl (being an impurity in this salt) was added 
Since the quantitative requirement for Cl is 
considerably lower than for K, both deficiencies were 
corrected together for a time and extra growth re- 
sulted until Cl again became deficient. The Cl added 
as an impurity from the K.,SO, in this experiment 
\.as, however, insufficient for continuous growth for 
high K plants. 

The significant effects of Si on the growth of the 
sugar beet plant are not easy to assess from the re- 
sults of the present experiment. None of the effects 


also. 


attained the 1 % level of significance but at the 5% 
level the effects of Si occurred mainly with the plants 
high in K. Thus, on the average, the presence of Si, 
either as the Na salt or as silicic acid increased the 
dry weight of the tops, the fresh weight of the fibrous 
roots, and the sucrose concentrations of the beet roots. 
In the low K plants only the weights of the fibrous 
roots were significantly increased by the addition of 
Si to the culture solution. 

In accord with the findings of other investigators, 
the addition of Na to low K plants increased signifi- 
cantly the weight of the tops and the weight of the 
storage and fibrous roots (table II). The sucrose 
concentrations of the storage roots were not changed 
appreciably by the Na treatments for either the low 
or high K plants. For the plants high in K, the addi- 
tion of Na increased the dry weight of the tops and 
the dry weight of the fibrous roots but had no signifi- 
cant effect upon the weights of the fresh tops or upon 
the beet roots. 

The GW 304 variety made significantly better top 


growth and had more fibrous roots than the U.S. 22/3, 
when grown at either K level (table II). Neither 


variety, however, differed significantly in beet root 
weight or in sucrose concentration. Nor were there 
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TaBLe III 


PetiotE CHtorwe (Dry Basis) AS AFFECTED BY AGE OF 
LEAF AND PortasstuM, SopruM, SILICON AND 
CHLORINE NUTRITION 


YOUNG PETIOLES MATURE PETIOLES 


Hicu Cl 


Low Cl Hico Cl Low Cl 


TREATMENT * 
PLANTS PLANTS PLANTS PLANTS 
MEQ/GM jwEQ/GM BEQ/GM yEQ/GM 
Treatment » age x Cl means (4 values) 
0 410 ia 444 99 
K 133 6.7 305 8.9 
Si 483 79 528 11.7 
Sik 141 58 300 7.2 
Na 457 6.1 558 9.5 
Nak 275 6.2 513 6.9 
NaSi 477 §.7 490 98 
NaKSi 198 6.7 378 8.9 
Cl x age means 322 6.5 439 9.1 
LSD (Student) 
1% level 176 ns. 171 ns 
Variety x age x Cl means 
US. 22/3 340 66 462 9.1 
GW 304 304 6.5 417 9.1 
F-values ** 
K 80.5 05 19.8 5.7 
Si 0.0 0.0 1.1 0.4 
Na 40 1.4 9.5 0.5 
Variety 14 0.0 24 0.0 


* K, Na, Si refer to the high level treatment. 
** See table II for required F-values. 


any significant variety-nutrient interactions, indicating 
that both varieties performed similarly at either Cl, 
Na, K, or Si level. 

GROWTH AS A FUNCTION OF CHLORIDE OR BROMIDE 
Suppty: The results of the factorial experiment showed 
that Cl ions increased growth when added to modified 
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Hoagland’s No. 1 culture solution (table I) prepaed 
from chemically pure salts. The growth incre::es 
were accompanied by much higher Cl concentrati: ns 
within the plant than found in comparable plats 
without Cl added to the culture solutions. The ex. ct 
amount required to overcome a Cl deficiency was in- 
vestigated in the next experiment. 

The plants were again grown in culture solutions 
to which increasing amounts of Cl ion, as KCl, were 
added to the basie culture solution. As before, a basic 
culture solution prepared from chemically pure sits 
and distilled water served as a control. Approxi- 
mately 0.013 meq Cl as the Cl ion was present as .n 
impurity in a total of 20 1 of solution. 

In addition to the Cl series of plants another set 
of cultures was prepared containing KBr at a concen- 
tration of 0.001 M (treatment 10, table IV). In trest- 
ment 11 the plants received both Cl and Br at 0.001 \I 
concentrations. All plants were grown from June &§ to 
August 2, 1954. On August 2 the plants were har- 
vested, and the results obtained for each Cl level and 
Br addition are given in table IV. The Cl concentra- 
tions of the petioles and blades of recently matured 
leaves and their relation to plant growth and sucrose 
content are given in figures 3, 4, 5, and 6. 

The addition of Cl as Cl to the culture solutions 
again had a large effect upon the growth of the sugar 
beet plants (table IV). The tops increased from an 
average value of 402 gm per tank for the solutions 
containing only 0.013 meq of Cl per 20 1 as an im- 
purity (treatment 1) to 705, 771, and 776 gm for solu- 
tions that received 20, 60 and 180 meq Cl per 20 |, 
respectively (treatments 7, 8, and 9). The addition 
of Br as Br at a concentration of 20 meq per 20 | 
(treatment 10) resulted in a top growth equal to that 
of the comparable Cl treatment (treatment 7). With 
both Br and Cl present at 0.001 M concentrations, the 
top weights were again equal to treatments 7 and 10. 

The dry weights of the tops are similar in pattern 


TABLE IV 


EFFects OF CHLORINE AND BROMINE ON GROWTH, SUCROSE CONCENTRATION OF STORAGE Roots 
AND ON THE PETIOLE AND BLADE CHLORINE OF SuGAR BEET PLANTS 
(MEANs or 5 ReEpricaTIons) 











TREATMENT Tors Ouse STorac iE ROOTS Fisprous ROOTS: ; __ CHLORINE ” 

r Cl Br Sect ; nchiegad ties Bn an oe . Mature Mature 
No. anne: amie FresH Dry DRY FRESH SUCROSE FresH Dry nthin ia 

meq meq gm gm gm gm gm % gm gm ueq/gm yweq/gm 
1 0.00 0.0 402 48.4 462 269 264 98 48 4.00 49 3.3 
2 0.08 0.0 489 59.1 4.09 291 30. 104 54 4.58 6.4 5.0 
3 0.25 0.0 522 61.6 5.26 359 38.6 108 66 5.50 8.1 46 
4 0.74 0.0 523 61.8 432 376 409 109 55 4.82 12.4 54 
5 2.22 0.0 603 68.0 4.11 379 423 12 67 5.71 23.6 89 
6 6.67 0.0 636 723 4.82 146 51.1 11.4 79 6.49 54.0 13.9 
7 20.00 0.0 705 73.6 462 464 48.1 104 82 6.45 185.7 29.7 
8 60.00 0.0 771 81.5 5.93 423 44.7 105 99 7.76 617.9 95.4 
9 180.00 0.0 77 76.1 438 517 52.0 10.0 90 6.79 1345.1 269.7 
10 0.00 20.0 727 78.3 5.15 415 439 106 83 6.83 11.0 44 
11 20.00 20.0 737 76.6 5.69 498 53.8 108 94 7.59 179.7 26.7 

9.2 ns 78 92 09 24 1.98 


LSD (Student) 1% level 97 
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CHLORINE IN BLADES «see 

Fic, 3 (above). Relation of petiole Cl values of 
recently matured leaves (dry basis) to the fresh weight 
of the tops. The numbers in the graph refer to mg 
atoms of Cl added per 20 | of nutrient solution. The 
critical petiole Cl concentration, below which top growth 
decreases, is approximately 200 weq/gm dry tissue. 

Fic. 4 (below). Relation of Cl values for the upper 
upper half of the blades of recently matured leaves to 
the fresh wt of the tops. The critical blade Cl concen- 
tration, below which top growth decreases, is approxi- 
mately 50 weq/gm dry material. See also figure 3. 


to the fresh weights. The dry weights of the old 
leaves did not differ significantly from each other. 

The beet root weights, in contrast to the results of 
the factorial experiment, were nearly doubled by the 
higher Cl additions to the culture solutions. The ad- 
dition of Br~ at a concentration of 0.001 M to the 
basie culture solution (treatment 10) resulted in a 
lower beet root weight than in the comparable Cl con- 
centration (treatment 7) but the decrease was not 
significant statistically. 

The fresh and dry weights of the fibrous roots fol- 
lowed a pattern similar to the storage root weights 
(table IV). Whereas the appearance of the storage 
roots was not altered by a Cl deficiency the fibrous 
roots of deficient plants had many stubby lateral 
branehes in contrast to the filamentous character of 
roots from plants well supplied with chlorine (fig. 2). 
The substitution of Br for Cl resulted in fibrous roots 
that had the same appearance and weight as the Cl 
treated plants. 
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Particularly interesting was the observation that 
when Br was added to low Cl solutions there was a 
complete absence of Cl deficiency symptoms and the 
growth of tops and roots was excellent. Chloride con- 
tamination of the Br salts is hardly the explanation 
for this good growth, since there was none found in 
the KBr salts added to the culture solutions. The 
blade Cl value of 4.4 peq/gm (treatment 10, table IV) 
is far below that found for non-deficient plants and 
the petiole Cl value of 11.0 weq/gm would indicate a 
top yield of only 522 gm (treatment 4, table IV) in- 
stead of the 727 gm found for the tops of the Br 
treated plants (treatment 10). Similar comparisons 
ean be made for storage and fibrous root growth. 
Apparently, these results indicate that Br can substi- 
tute for Cl in the growth of tops and roots. 

The Cl values for the petioles and blades of plants 
in treatment 11 (Cl+Br) agree with those for treat- 
ment 7 which received Cl only. The addition of Br 
to Cl at this concentration did not influence Cl 
absorption. 
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Fic. 5 (above). Relation of petiole Cl values of 
recently matured leaves (dry basis) to the fresh weight 
of storage roots. The critical petiole Cl concentration, 
below which storage root growth decreases, is approxi- 
mately 200 weq/gm dry material. See also figure 3. 

Fic. 6 (below). Relation of petiole Cl values of 
recently matured leaves (dry basis) to the sucrose con- 
centration of storage roots. Sucrose concentrations of 
the storage root are depressed by an extreme Cl defi- 
ciency, increased sharply by a mild deficiency, and 


«€ 


lowered by an ample supply of Cl. See also figure 3. 
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GROWTH AS A FUNCTION OF PETIOLE AND BLADE 
CHLORIDE CONCENTRATION: The Cl concentrations in 
the petioles of recently matured leaves are given in 
table IV as peq per gram of dry substance. A sta- 
tistical analysis of the logarithms of the concentrations 
indicate that a difference of 0.14 expressed as a com- 
mon log is necessary for significance at the 1 % level. 
On this basis the values for treatments 1 and 2, and 
2 and 3 are alike, but there is a significant difference 
between 1 and 3. Significant increases in Cl concen- 
trations took place between treatments 4 through 9. 
For the blades, the Cl values for the first 3 treat- 
ments did not differ significantly from each other. 
Each increment of Cl added thereafter produced a 
significant inerease in Cl concentration in most in- 
stances (table IV). 

The relation of petiole Cl to top growth is given 
in figure 3. Top growth begins to be retarded at 
petiole Cl concentrations of 100 to 200 peq/gm (criti- 
cal concentrations) and pronounced deficiencies are 
indicated by values of less than 10 peq/gm. Plants 
with petioles containing 200 peq/gm and above are 
adequately supplied with Cl (fig 3 and table IV). 
Similar conclusions about top growth and Cl concen- 
trations can be drawn from the values for the leaf 
blades (fig 4 and table IV). The critical range is 
from 25 to 50 peq/gm of dry blade tissue; approxi- 
mately 144 that of the petioles. For extreme Cl defi- 
ciencies the Cl concentrations of the blades are only 
slightly less than those of the petioles but at the 
higher Cl levels, the blade values are only 1/5 that of 
the petiole values. Thus the petioles are far more 
sensitive to Cl changes within the beet plant than the 
corresponding blades, and therefore petiole analysis 
appears preferable to blade analysis as a means of 
measuring the chlorine status of sugar beet plants. 

The relation of petiole Cl to storage root growth is 
given in figure 5. The Cl values relative to storage 
root growth are quite similar to those for top growth. 
The critical Cl value is again approximately 200 peq 
of Cl per gram of dry tissue, with the plants above 
this being well supplied with Cl and those with values 
of less than 10 peq/gm indicating an extreme Cl 
deficiency. 

PETIOLE AND BLADE BROMIDE CONCENTRATIONS: 
The petioles of the plants receiving Br only (treat- 
ment 10) contained 87.1 peq of Br per gm of dry 
plant tissue (average of 5 replications) and the corre- 
sponding blades 11.0 peq/gm. The Br values for the 
Cl plus Br treatment (treatment 11) are 157.9 peq/gm 
for the petioles and 35.1 weq/gm for the blades. As 
would be expected, the combined Cl and Br values 
correspond to those which lie between treatments 7 
and 8 for Cl additions alone (table IV). However, 
still unexplained are the much higher Br concentrations 
for the petioles of the plants treated with Cl and Br 
(treatment 11) than for those treated with Br only 
(treatment 10). One explanation is that this is just 
a chance observation that is associated with the plant 
and another explanation is that it is associated with 
analytical variation but this is very unlikely because 
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TABLE V 
NuTRIENT GRADIENTS WITHIN SuGar Beet LEAVES 
EXPRESSED AS MicroGRaM ATOMS PER 
Gram Dry TIssuge 


PLANT PART Cl SO.-S NOseN PO,-P* K va 


Upper blade ... 78 = 151 46 77 =. 3396-1500 
Lower blade ... 366 128 106 82 407 1710 
Mid-rib of blade 694 63 436 54 417,)—s:1820 
Upper petiole .. 938 21 715 72 524 1780 
Middle petiole 1079 20 680 70 8570) «1750 
Lower petiole .. 1262 24 609 ta 650 1530 
Entire blade 260 126 169 68 417 1610 


* Phosphate-phosphorus soluble in 2 % acetic acid. 


the values for duplicate samples agreed very closcly 
with each other. While the yields for the Br treated 
plants are somewhat higher than what would be ex- 
pected for a petiole halide concentration of 98.1 
peq/gm (between treatments 6 and 7, table IV) this 
may be due to chance and not to a real effect of br. 

SucrosE FoRMATION RELATIVE TO CHLORIDE OR 
BroMipE Suppty: As may be seen in table IV and 
figure 6, Cl deficient plants are significantly lower in 
sucrose concentration than comparable plants with «an 
adequate supply of this element. Apparently, Cl is 
involved in the formation of sugar rather than in 
sucrose utilization. If Cl had been related to sugar 
utilization, then a deficiency of Cl would have caused 
an increase in sucrose concentration of the beet root, 
analogous to that of a N deficiency (34). Increasing 
the Cl supply still more, however, leads to a decrease 
in sucrose concentration of the storage root (treat- 
ments 7, 8, and 9). The cause of this decrease is not 
known. 

Replacing Cl by Br (treatment 10, table IV) or by 
adding Br and Cl salts together at equal concentra- 
tions (treatment 11), caused no significant change in 
the sucrose concentration of the beet roots (treat- 
ments 7, 10 and 11). This indicates that Br may 
substitute for Cl not only in top and root growth but 
also in maintaining the sucrose concentration of the 
beet roots. 

DISTRIBUTION OF CHLORIDE WITHIN THE PLANT: 
Within the tops of plants adequately supplied with 
Cl, the Cl concentrations of the blades differed little 
with respect to age of the leaf, being 51, 45 and 65 
peq/gm for young, mature and old leaves, respec- 
tively. In the petioles of the same leaves the Cl con- 
centrations were very much higher than in the blades, 
being 279, 470 and 701 peq/gm for the young, mature 
and old leaves, respectively. This increase in Cl con- 
centration with the age of the petiole has been found 
to be typical of sugar beet plants studied thus far. 

The chloride gradient within the leaves of field 
grown plants is indicated in table V for leaves sepa- 
rated into upper blades, lower blades, mid-ribs, and 
upper, middle, and lower sections of petioles. Within 
the petiole the Cl concentration decreases slowly from 
the base of the petiole to the mid-rib. The mid-rib 


itself, while appreciably lower in Cl than the peticle, 
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is .auch higher in Cl than the blade tissues. The 
upper blade is distinctly lower in Cl than the lower 
pa:: of the blade. The reason for the sharp decrease 
in «'l concentration from the petiole to the blade tis- 
sucs is not known, although the selective absorption 
by the petioles or the exclusion of Cl by the blade 
issues could give rise to such concentration differ- 
ences. A similar gradient for NOs3-N exists (table V), 
but here the decreases are quite likely associated with 
nitrate reduction and not with absorption barriers as 
seems to be indicated for the movement of Cl from 
condueting to blade tissues. 

The marked decrease in Cl concentration from 
petioles to blades is apparently unique among the 
mineral constituents of sugar beet leaves (table V). 
Phosphate-phosphorus tends to be higher in the 
blades than in the petioles, especially when there is a 
P deficiency and when the plants are deficient in N 
(34). Similarly, when plants are deficient in K and 
contain ample quantities of Na, K concentrations of 
the blades are higher than in the petioles, but when 
the plants are deficient in other nutrients, the petioles 
frequently inerease in K_ concentration far more 
rapidly than the blades. Sodium concentrations in 
these plants differ little from petioles to blades. In 
contrast to the Cl concentrations, SO4-S concentra- 
tions are far higher in the blades than in the petioles. 

CHLORIDE Recovery: The addition and recovery 
of Cl ions from sugar beet plants was studied in an 
experiment that involved only 2 treatments. In one 
treatment sugar beet plants were grown in modified 
Hoagland’s culture solution which contained all ele- 
ments known to be necessary to plant growth, in- 
cluding Na and Si but not Cl. The plants in the other 
treatment received the same nutrients, except for 20 


TABLE VI 


CHLORINE RECOVERY FROM SuGAR BEET PLANTS 


psig — Tors Roots Tors Roots Tora 
Por —“~. oe Cl Cl Cl Cl Cl 
pate cm MER GM MEQ/GM MEQ MEQ MEQ 


High chlorine plants 
(197 meq Cl added) 


69 107.9 1016 179.2 788 1934 080 20.14 
72 #1185 678 1603 1166 19.00 0.79 19.79 
85 109.0 115.0 169.7 10.00 1850 1.15 19.65 
102 1059 699 175.0 955 18.53 067 19.20 
119 1125 138.7 163.7 1299 1842 180 20.22 


Mean 1108 986 169.6 1042 18.76 1.04 19.80* 


Low chlorine plants 
(0.049 meq Cl impurity) 


80 626 625 3.95 190 0.25 0.12 0.37 
88 91.1 75.0 3.8 1.04 0.33 0.08 0.41 
9% 623 534 4.23 0.94 0.26 0.05 0.31 
1066 §=89.1 938 3.89 122 035 0.11 0.46 
13) 654 703 3.85 119 0.25 0.08 0.33 


Mean 74.1 71.0 3.90 126 0.29 0.09 0.38 ** 


* Confidence limits at the 5% level, 19.29 to 20.31. 
* Confidence limits at the 5% level, 0.30 to 0.46 


meq of SO, from Na.SO,4, which was replaced by 
19.7 meq of Cl from NaCl. Sugar beet plants of the 
US. 22/3 variety at the early 2-leaf stage were set 
into the culture solutions on February 5, 1954. On 
April 22, 1954 the plants were separated into tops and 
roots. These parts were dried at 80° C and analyzed 
for Cl in triplicate by the modified Conway procedure. 

The Cl recovered from the plants in each treat- 
ment is given in table VI. The tops and roots of the 
plants low in Cl contained 0.380 meq of Cl. The 
original culture solution contained 0.040 meq and the 
seedlings at the time of transplanting 0.009 meq or a 
total of only 0.049 meq of Cl. At the 1 % level, the 
lower confidence limit for Cl recovery in the plant is 
0.250 meq of Cl. This value exceeds by far the Cl 
originally present (0.049 meq) as a contaminant. This 
implies that the plants accumulated Cl during the 
growth period from the distilled water added from 
time to time to the culture solutions or from other 
sources such as the air surrounding the plants. Since 
the distilled water supplied at most only 0.005 meq of 
Cl, the rest must have originated elsewhere. 

The Cl recovered from the plants receiving 19.7 
meq of Cl averages 19.8 meq (table VI). After sub- 
tracting 0.4 meq of Cl recovered from the minus Cl 
plants, a net recovery of 19.4 meq of Cl is obtained, 
which compares favorably to the amount added ini- 
tially, 19.7 meq. The confidence limits for the net 
recovery of Cl from 6 sets of plants are 19.3 and 20.3 
meq at the 5% level and 19.0 and 20.7 meq at the 
1 % level. This implies that there is a probability of 
95 and 99%, respectively, that these limits contain 
the true mean of Cl recovery for these plants. Since 
these limits cover the amount of Cl added initially, 
one may conclude that there has not been an appre- 
ciable absorption of extraneous Cl or a loss of Cl from 
the plant system, unless the losses and gains cancelled 
each other or occurred within the confidence limits of 
the present experiment. 

CHLORINE DEFICIENCY SYMPTOMS ON PLANTS 
Grown IN HoaGLaAnp’s NUTRIENT SotutTion: The 
ease with which Cl deficiency symptoms can be in- 
duced in sugar beet plants, using technical grade 
chemicals, regular distilled water, and vermiculite as 
a substrate came as a surprise when demonstrating 
the growing of sugar beet plants by the “open cul- 
ture” technique. In the demonstration, sugar beet 
seeds were planted in vermiculite at a depth of %4 
inches in November 1953 and thereafter watered daily 
with approximately one liter of half strength Hoag- 
land’s nutrient solution No. 1 (11). The excess solu- 
tion drained off freely and was not recovered for later 
use. When the plants were 6 to 8 weeks old, symp- 
toms similar to those illustrated in figure 1 developed 
on the blades of the young leaves. On February 24, 
1954 the pots were divided into 2 lots. One lot was 
watered thereafter with half strength Hoagland’s 
solution to which CaCl, at a concentration of only 0.1 
meq of Cl per liter had been added, the other lot 
watered as before without the CaCl, addition. The 
deficiency symptoms were completely removed within 
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25 days after the addition of Cl’. Those plants with- 
out the Cl added continued to retain and develop 
leaves with deficiency symptoms. 

In the culture of sugar beets, it is recommended 
that Cl at a concentration of 5.0 meq per liter be 
added to Hoagland’s solution either as CaCl, or as 
NaCl. The addition of NaCl is preferable to CaCl, 
whenever “normal” nutrition in relation to potassium 
and sodium is desired (unpublished results of this 
laboratory). 


Discussion 

Failure to observe chlorine deficiency symptoms 
on sugar beet plants earlier was undoubtedly due to 
the presence of Cl as a contaminant in the salts used 
to prepare the nutrient solutions and perhaps to the 
use of unfiltered air in contrast to greenhouse air now 
filtered through activated carbon. Still another fac- 
tor is the similarity of the incipent Cl deficiency 
symptoms to those of manganese deficiency. 

In the factorial experiment, involving Cl, Na, Si, 
K and variety of sugar beet, the first symptoms, 
which later proved to be associated with Cl, were 
visible only through transmitted light. These symp- 
toms appeared on young and recently matured leaves 
and were similar to those of Mn deficiency. Even 
after adding 10 mg of Mn as MnSO, to each tank of 
culture solution, the deficiency symptoms persisted. 
A more careful inspection of the plants revealed that 
the symptoms appeared only on those plants to which 
no Cl had been added to the culture solution. As 
these plants became older symptoms could be seen 
readily on the high K-low Cl plants, and somewhat 
less readily on the center leaves of the low K-low Cl 
plants. If the K salts had contained more Cl as an 
impurity, the Cl deficiency symptoms would not have 
been observed in the low K plants nor even in the 
high K plants, since by adding K as K,SO,, Cl as a 
contaminant would have been added at the same time. 
One may assume that as the manufacturers of reagent 
and technical grade salts have improved their proc- 
esses, salts lower in Cl have been produced, and now 
Cl must be added to nutrient solutions to prevent Cl 
deficiency of sugar beet plants. 


SUMMARY 


Sugar beet plants were grown in nutrient solution 
prepared from low halide salts of the reagent grade. 
The first deficiency symptoms developed on the blades 
of the center leaves of the plant and in the early 
stages resembled those of Mn deficiency. Through 
transmitted light the symptoms appeared as a netted 
mosaic pattern, with the green veins forming the 
netting. As the symptoms developed, the interveinal 
areas appeared as smooth flat depressions, light green 
to yellow in color, and presented a striking contrast 
to the green veins which had a “raised” appearance. 
A feature of the Cl deficiency was the stubby growth 
of the secondary roots. Both the leaf and root symp- 
toms were absent in culture solutions having the addi- 
tions of Cl in the amounts of 6.7 to 20 meq per three 
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plants and Br at the one amount used, 20 me per 
three plants. The addition of Mn, Na, Si, as w. il as 
those salts contained in Hoagland’s solution >», | 
failed to correct the symptoms. 

Petiole Cl values of 4.9 to 7.9 weq and bla» C] 
values of 3.3 to 5.4 weq per gram of dry tissue vere 
indicative of extreme Cl deficiency. Petiole Cl \ jues 
of 200 peq or above and blade (without mid-rib-; C] 
values of 50 weq or above per gram of dry tissue \ere 
indicative of Cl adequacy. 

Chlorine was necessary for top and root growth 
and was associated with sugar formation rather *han 
with sugar utilization. The storage roots of plints 
deficient simultaneously in Cl and K were higher in su- 
crose concentration than non-deficient plants, whereas 
a deficiency of either nutrient alone resulted in a de- 
crease in sucrose concentration. Still more Cl, how- 
ever, depressed sucrose concentrations of the storage 
root but did not decrease root size. 

Petiole Cl concentrations, but not those of the 
blades, increased with the age of the leaf. For plants 
well supplied with Cl, the Cl concentrations within 
the upper blade tissues of the leaf were less than one- 
tenth those of the corresponding petioles. Compara- 
ble decreases for NOs-N were observed in the leaf 
blades, but this decrease was due to nitrate reduction, 
whereas the Cl decreases were thought to be associ- 
ated with absorption barriers or to factors not now 
known. Sulfate, in contrast to Cl and NOs, accumu- 
lated in blade tissues at far higher concentrations than 
in the corresponding petioles. 

The Cl recovered from untreated plants was in 
excess of the Cl present as an impurity in the nutrient 
solutions and that contained in the transplanted seed- 
lings, whereas complete recovery of chloride was indi- 
cated for plants treated with 20 meq of Cl after cor- 
recting for the Cl found in the untreated plants. 

Chlorine deficiency symptoms were induced in 
sugar beet plants that were grown in the greenhouse 
by the “open culture” technique, using nutrient solu- 
tions prepared from chemically pure salts without 
special purification, regular distilled water, and ver- 
miculite as a substrate. 

The addition of Na to low K plants increased 
growth significantly but had no effect upon high K 
plants. The effects of silicon were not conclusive. 
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THE LARGE SCALE LABORATORY CULTURE OF CHLORELLA UNDER 
CONDITIONS OF MICRONUTRIENT ELEMENT DEFICIENCY ! 
GERALD S. REISNER anp JOHN F. THOMPSON 


U.S. Prant, Som anp Nutrition Laporatory, AGRICULTURAL RESEARCH SERVICE, 
IrHaca, New York 


Elucidating the metabolic roles of the micronutri- 


ent elements through analysis of both normal and 
déficient tissues for products of metabolism and for 
enzymes may provide clues as to the function of the 
various elements. 


! Received November 15, 1955. 


The unicellular alga, Chlorella, was chosen as a test 


organism for this purpose because it can be grown 


readily 


under controlled concentrations of micro- 


nutrients and can be sampled quite accurately. A sur- 
vey of the literature revealed no extant Chlorella cul- 
ture apparatus which was easily adaptable for the 
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above-stated purpose. Sterile, intermittent sampling 
from large flasks, such as used by Mandels (7), is 
difficult because aliquots must be withdrawn from the 
top. The culture vessels used by Hopkins (4, 5), 
Hopkins and Wann (6) and Walker (13) do not pro- 
vide large quantities of material. The constant cul- 
ture apparatus of Myers and Clark (10) is too com- 
plicated for use in experiments requiring a number of 
simultaneous treatments. In the monograph of Bur- 
lew (1) are included several devices for growing Chlo- 
rella on a large or small scale. The small scale devices 
do not produce enough total Chlorella or are highly 
specialized with respect to one aspect of Chlorella 
growth (2, 12). The large scale systems have inade- 
quate controls for aseptic micronutrient work (8). 

The problem of producing sufficient quantities of 
cellular material for analysis was solved by the devel- 
opment of a Chlorella culture unit which would: 

(a) Produce large quantities (about 20 gm fresh 
weight) of material in a short time, 

(b) Provide a means of intermittent 
under sterile conditions, 

(c) Maintain continuously a uniform suspension 
of cells free from living contaminants, and 

(d) Permit the demonstration of growth under 
micronutrient deficient conditions. 

Several of these culture units have been incorpo- 
rated into a system in which uniform growth rates 
have been obtained among several cultures. Further- 
more, iron and manganese deficiencies have been 
demonstrated. 


sampling 


MATERIALS AND METHODS 


The complete system consists of 6 culture units 
maintained under conditions uniform with respect to 
CO. supply, light intensity, and temperature. 

The culture unit, shown in detail in figure 1, con- 
sists of a large Pyrex eylinder with a three-way stop- 
cock at the bottom connected to an inlet filter and 
with a 3-way outlet piece at the top. To prevent loss 
of liquid through the outlet piece (due to foaming in 
the later stages of growth), the liquid capacity of the 
units is held to 2 liters. Air containing 2% COs is 
passed through the culture unit, as indicated in figure 
1, in order to maintain a homogeneous cell suspension 
and to allow a high rate of growth. 

A 60-em (24-inch) long inlet filter is necessary to 
exclude particulate contaminants during the extended 
periods of aeration. A plug of acid-washed glass wool 
at the base of the cotton prevents loose cotton fibers 
from entering the suspension. 

The glass bulb below the filter provides a safety 
reservoir which prevents the wetting of the filter 
packing by backflow of liquid during periods of low 
air pressure at the onset of aeration. 

The inlet tube is connected to one tube on the 
double side of the stopeock and a capillary connects 
the single side of the stopeock and the base of the 
growth chamber. The thick-walled capillary tube 
serves to maintain uniform bubble size among all the 





PLANT PHYSIOLOGY 





OUTLET 
PIECE 


~ 



































q 
AIR L- INLET 
FILTER 
GROWTH 4 
CHAMBER— \ X 
i 
° 3 c—+~HOLDER 
2 FT. 
a" 
|—- COTTON 
GLASS 
WOOL 
: BALL 
JOINT 28/,, 
CAPILLARY 
GLASS BULB 
TUBE— ° 
2mm, |.D. 
LIQUID OUTLET 
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cultures. This construction also reduces the contact 


of the solution with the stopeock grease which might 
introduce contaminants. The other tube of the double 
side of the stopeock is open and is utilized for sam- 
pling. The stopeock controls alternately the incur- 
rent air and the excurrent suspension. The down- 
ward flow of the suspension permits easy withdrawal 
of aliquots with minimum danger of foreign organ- 
isms entering the chamber. 

During normal operation, air flows freely through 
the open tube of the outlet piece. During sampling, 
the outlet piece stopcock is closed, and internal air 
pressure forces the liquid out rapidly through the 
liquid outlet tube. In addition, the cotton-plugged 
reservoir of the outlet piece contains a sterile solution 
of 6N NaOH. This reserve of base is used to adjust 


the pH of cultures provided with ammonia nitrogen 
during the growth period. 

Aeration of the suspension is accomplished by the 
system illustrated in figure 2. 

The combination of the oil-and-water trap and the 
long, glass-enclosed filter serves to cleanse the air of 
the major portion of its particulate matter content. 
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Che use of two pressure reducing valves in series 
wiih the air compressor, the large buffer tanks, and 
th: mercury pressure relief valve reduces the rather 
large fluctuations in pressure characteristic of the 
tuuk-type compressor. Air flow from the manifold to 
each culture unit is controlled by a glass stopcock so 
that the maximum difference in flow is about 10 %. 
Closer regulation is obviated by the enrichment of the 
air with CO, which keeps the supply of this com- 
pound from being a limiting factor in the growth of 
the organisms. The CO, is supplied from a cylinder 

2% of the total gas flow by regulation with a 
needle valve and continuous metering with a sensitive 
orifice flow meter. The flow rate is measured from 
the outlet piece by means of an orifice type flow 
meter. Air supplied at the rate of 100 ml/minute per 
culture unit has been found adequate for rapid growth 
and the maintenance of a homogeneous cell suspension. 

Light is provided by four 8-ft fluorescent lamps 
placed about 22.5 em (9 inches) away from the units. 
The culture units are distributed evenly in front of 
the lamps so that the end units are at least 45 em (18 
inches) in from the ends of the lamps. The luminous 
intensity at the units is about 400 fe. 
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The entire system is placed in a temperature con- 
trolled room maintained at 21° C. Because of absorp- 
tion of radiant energy and local heating by the fluo- 
rescent lamp circuit, the temperature of the suspen- 
sions is about 24° C. 

All glassware is cleaned by steaming with a 1:1 
aqueous solution of HNOs followed by repeated rins- 
ings with water deionized by passage through a mixed 
bed of ion-exchange resins. The culture units are 
heated at 100° C for 4 hours in a dry heat soil drying 
oven. At the end of this time the solutions, which 
have been autoclaved at 15 psi for one hour, are 
poured, while still hot, into the culture units. The 
filled chambers are replaced into the drying oven and 
maintained at 100°C for an additional hour. Im- 
mediately before and after withdrawing aliquots from 
each culture unit the liquid outlet tube of the 3-way 
stopcock is rinsed out with 80% ethanol from a 
plastic wash bottle. 

Chlorella vulgaris var. viridis (Type culture collec- 
tion, Cambridge University, Cambridge, England) is 
maintained on dextrose agar slants. Inoculum cul- 
tures are grown in a full nutrient solution (15). The 
inoculum is prepared from these cultures by centri- 
fuging the cells, decanting the nutrient solution, and 
resuspending the cells in distilled water under aseptic 
conditions. The solutions in the culture units are 
inoculated by sterile pipette. 

For early stages of growth, either of two methods 
of growth measurement is used. If there is considera- 
ble background turbidity in the solution, cell counts 
are taken by means of a haemocytometer chamber. 
If the solutions are free of background turbidity, 
measurements of turbidity are taken by means of a 
colorimeter devised by Ellis and Brandt (3) using 5 
em cuvettes and Corning filters #3385, #4303, and 
#5030 (520 mp). These turbidity readings are re- 
ferred to a standard curve derived from a series of 
dilutions of a suspension of known packed cell volume 
as determined by thrombocytocrit measurements (9). 
In the later stages of growth, packed cell volume is 
determined in the same manner, using an Evelyn 
colorimeter with 1.5 cm light path at 515 mp. At 
various intervals during a run turbidimetriec measure- 
ments are checked against direct thrombocytocrit 
measurements. 

An iron deficient medium was prepared using 
macronutrient compounds purified by the phosphate 
adsorption technique of Stout and Arnon (11). The 
micronutrient compounds were used without special 
purification. 

A manganese deficient medium was prepared as 
above for the iron deficiency test, with the exception 
of MgSO,, which was obtained by treating sublimed 
magnesium (Dow Chemical Company) with distilled 
sulphurie acid. 


RESULTS 


Test OF UNIFORMITY AMONG CULTURE UNITS: 
In order to test the uniformity of growth among the 
culture units, Chlorella was grown using the nutrient 


184 PLANT PHYSIOLOGY 


solution of Winokur (15), having the following com- 
position: 0.025 M KNOs, 0.018 M K,HPO,, 0.020 M 
MgSO,-7 H,O, 0.44 ppm Mn, 0.08 ppm Zn, 0.002 
ppm Cu, 0.02 ppm Mo, 7 x 10° M Fe citrate, pH 5.6. 
This basal nutrient solution was used in all experiments 
except for the omission of specific micronutrients. 


Two liters of solution were put into each culture 
unit. Each unit was inoculated from a single liquid- 
medium stock culture so that the initial population 
was equivalent to 0.004 mm cells per ml. The cul- 
tures in the culture units were grown for 13 days and 
growth measured turbidimetrically as described above. 

As seen in table I, the maximum coefficient of 
variation among the chambers during the entire 
growth period was 13 %, with a minimum coefficient 
of variation of 6.1%. The growth of Chlorella was 
quite rapid, rising from 0.004 to about 6 mm*/ml in 
13 days. 

IRON AND MANGANESE Tests: It has been possible 
to attain marked deficiencies of iron and manganese 
in these culture units. 

Growth of cultures with and without added iron is 
shown in figure 3. At the end of the experiment, the 
control cultures had about 50 times the amount of 
Chlorella, on the basis of packed cell volume, as the 
iron-deficient cultures. The curves also indicate that 
there was no increase in iron in the deficient cultures 
during the experiment. However, the fact that there 
was some growth showed that iron was not completely 
eliminated from the nutrient solution. 

The growth on the manganese-deficient medium is 
presented in figure 3, where it is shown that, in spite 
of the very low requirement of Chlorella for this ele- 
ment (14), essentially no growth was obtained over 
an extended time period. This shows not only the 
initial freedom of the deficient cultures from manga- 
nese, but the absence of cumulative manganese con- 
tamination during 8 days of vigorous aeration. 

After 196 hours had elapsed, and the control and 
deficient cultures appeared to have attained a static 


TABLE [| 


GrowTH oF Srx CuLtTurES oF CHLORELLA VULGARIS VIRIDIS 
UNDER UnirorM ConpitTions or Light, TEMPERA- 
TURE AND NUTRITION 


MEAN PACKED CorFF OF 


TIME CELL VOLUME VARIATION 
hrs mm*®/ml % 
0 0.004 0.0 
46 0.019 74 
70 0.066 6.1 
99 0.63 13 
199 13 10 
142 2.1 11 
166 28 93 
191 34 6.2 
214 43 7.7 
238 44 11 
284 5.5 7.3 
310 6.0 83 
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Fic. 3. Growth of Chlorella under normal and micro- 
nutrient element deficiency conditions—A. Growth under 
full nutrient conditions—B. Growth under manganese 
deficiency —C. Growth under iron deficiency. 


growth rate, 8 ygm Mn/I solution was added to the 
deficient culture. As is seen in the curve, after a 
3-day induction period, there was a sharp rise in the 
rate of growth of this culture followed by a levelling 
off at a population approximately one-half that of 
the control culture. 


From the population density of the culture after 
the addition of manganese it is seen that the manga- 
nese level was still below the optimum. 

Eight pgm Mn/I| solution induced the growth of 
5.7 ml of packed cells per liter. Since the dry weight 
was determined to be 490 mg/ml packed cell volume, 
the manganese requirement is 2.9 pem/gm dry weight. 
This is in good agreement with the value obtained by 
Walker (14). 

MAINTENANCE OF STERILITY: Samples of the sus- 
pensions were tested for contamination at the end of 
the experiment by inoculation into a brom cresol 
purple base broth containing 1 % glucose and incuba- 
tion at 37° C for 48 to 72 hours, with periodic micro- 
scopic examination of the media for bacterial growth. 
In none of the experiments described above was any 
indication of contamination by a foreign organism 
noted. 

In a preliminary test of the apparatus, a sterile 
tryptose broth was placed in a culture unit which had 
been sterilized as above. The uninoculated broth was 
then aerated for two weeks. The nutrient medium 
remained clear during the entire run, and no evidence 
of microorganisms was found on staining and micro- 
scopic examination of the medium. 


DIscUSSION 
The apparatus described in this paper was de- 
signed to give the physiologist a means of studying, 
in a single experiment, a number of discrete effects of 
micronutrient element deficiency on the metabolism oi 
Chlorella over an extended time period. 


Because of the uniformity of growth performance: 
among the units, only a small number of replications 
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is needed for each treatment. Also, the treatments 
can be modified during the course of the experiment 
witliout loss of sterility. Sampling can be accom- 
plied safely with great rapidity to study the effects 
of treatment during any time interval. Finally, the 
large quantities of material available from individual 
replications allow the analysis of the cells for meta- 
bolic products as well as the testing of the cells for 
specific enzyme activities. 


SUMMARY 


\n apparatus has been devised for the growth of 
Chlorella which incorporated the following qualities: 

1. It can provide large quantities of cellular ma- 
terial. 

2. It allows the growth of Chlorella at a high 
enough rate to demonstrate growth differences among 
different treatments within a two-week period. 

3. It allows the growth of Chlorella under condi- 
tions of micronutrient element deficiencies. 

4. It provides a means of sterile, intermittent sam- 
pling of a single culture. 

5. It allows the sterile addition of materials to a 
culture during an experiment. 


The sublimed magnesium was donated by the Dow 
Chemical Company, Magnesium Department. This 
gift is gratefully acknowledged. 
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FLORAL INITIATION IN CESTRUM NOCTURNUM. I. 
A LONG-SHORT DAY PLANT! 


ROY M. 


SACHS ? 


EarHart PLrant Researcu LABoraTory, DIvISION oF BIoLocy, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 


Since the first investigation of Garner and Allard 
(6) we have known of LDP? and SDP. Recently 


1 Received November 23, 1955. 

2 Present address: Istituto ed Orto Botanico, Uni- 
versita degli Studi, Parma, Italy. After October, 1956, 
Old Court Road, Pikesville 8, Maryland. 

3 Abbreviations used: LDP, long day plant(s); SDP, 
short day plant(s); LSDP, long-short day plant(s) ; 
SLDP, short-long day plant(s); LD, long day(s); SD, 
short day(s); PP, photoperiod(s); NP, nyctoperiod(s). 


Resende (13) reported that floral initiation in several 
plant species is promoted by a short period of LD fol- 
lowed by SD and called this group the LSDP. In ex- 
periments with Cestrum nocturnum it was found that 
this species, too, is a LSDP. The purpose of this 


paper is to present an analysis of its photoperiodic re- 
quirements and to discuss the bearings of the results 
on the problems of synthesis of the floral stimulus 
and of intermediate day plants. 
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MATERIALS AND METHODS 


All experiments were performed in the Earhart 
Laboratory making use of the temperature controlled 
greenhouses and artificial light rooms (22). The light 
intensity was generally in excess of 1500 fe in the 
greenhouses and approximately 700 fe in the artificial 
light rooms (all light intensities refer to that at the 
plant tops). Artificial light was supplied by warm 
white fluorescent tubes supplemented with incandes- 
cent bulbs. Unless otherwise noted LD refers to a 
16-hour PP (8 hrs in the 26° C greenhouse plus 8 hrs 
of artificial light and an 8-hr NP at 20°C) and SD 
refers to an 8-hour PP (8 hrs in the 26° C greenhouse 
plus a 16-hr NP at 20°C). 

Cestrum nocturnum, henceforward referred to by 
its generic name alone, is a member of the Solanaceae. 
It is a woody perennial shrub indigenous to the Cen- 
tral American tropics; Schulz (16) has reported its 
occurrence in the wooded mountainous areas of Cuba, 
Jamaica, and Martinique. It is widely grown in 
Southern California for ornamental purposes and is 
commonly known as the night-blooming jasmine. 

All Cestrum plants used in these experiments were 
raised from seeds harvested in the vicinity of Pasa- 
dena. After 3 months growth in standard SD condi- 
tions the seedlings were ready for experimentation. 
At the end of each experiment the plants were cut 
back and the new shoots arising from the crown were 
cultivated; in this manner the same plants were used 
in as many as 4 separate experiments with no appar- 
ent carryover of the effects of previous inductive 
treatments. The plants were grown with a single 
main axis by continuous pruning of the elongating 
axillary branches. Generally each seedling had de- 
veloped more than 35 nodes and attained a height in 
excess of 75 em at the experimental age. The selec- 
tion of plants was based on the size and number of 
leaves at the start of LD induction; at least 3 leaves 
greater than 110 mm long and, counting basipetally, 
14 to 16 leaves total were required before a plant was 
used. The leaves counted were those visible without 
dissection of the apex and all leaves below the 14th 
to 16th were removed prior to the beginning of LD 
induction. 

Three criteria were employed to evaluate quantita- 
tive differences in the flowering responses of plants; 
the percent of plants flowering (% -Fl); the percent 
of plants with terminal flowers (% Term Fl), and the 
number of nodes flowering per plant (Nodes FI/P1). 
The latter method was first applied by Hamner in his 
studies with soybean (5) and reflects the amount of 
floral stimulus available for translocation from the 
leaves to the growing points (the errors quoted in the 
tables for this figure are the standard errors of the 
means). It has been shown that the terminal 5 leaves 
(less than 10 mm long) do not produce the floral 
stimulus (15) and, consequently, flowering at the ter- 
minal apex is always a result of translocation of the 
stimulus from the subterminal leaves. The % Term 
Fl indicates the number of cases in which the floral 
stimulus, in excess of that required for floral initia- 


tion at the subapical nodes, is translocated to he 
apex. 
EXPERIMENTAL 

Cestrum plants were maintained in the vegetat 
state for 18 months when grown in SD and for 9 
days when grown in LD conditions; at the end of 1!x 
experimental periods there were no signs of flo 
primordia upon dissection of the axillary growing 
points. Cestrum plants did flower, however, if th 
received as few as 5 LD followed by 2 SD. In plants 
so treated flower buds were visible within 6 days 
after the end of SD induction. Upon dissection of the 
axillary buds, flower primordia were visible withir 
days after SD induction; the first sign of the tran- 
sition from the vegetative to the flowering state was 
the appearance of the calyx lobe primordia when the 
buds were 0.1 to 0.2 mm in diameter. All observ:i- 
tions in the succeeding experiments were made 7 days 
after the beginning of SD induction when the buds 
were 0.8 to 1.0 mm in diameter and the corolla lobe 
primordia were visible. The development of flower 
buds after initiation proceeded at approximately the 
same rate in LD and SD and was independent of the 
preceding inductive treatment. 

Since Cestrum continued its vegetative mode of 
development if all the leaves were removed before 
LD or SD induction, it was assumed that the leaves 
were the main organs responding to photoperiodic in- 
duction. 

These first experiments showed that floral initia- 
tion did not begin until the plants had received both 
LD and SD induction, and established Cestrum as a 
LSDP. The remainder of the experiments are con- 
cerned with characterizing these photoperiodic re- 
quirements. 
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TABLE [| 


ProMoTION oF LoNG-Day INDUCTION WITH SUPPLEMEN- 

TARY LIGHT AND BY INTERRUPTION OF THE NYCTOPERIOD 

AND INHIBITION OF SHORT-Day INDUCTION By INTERRUP- 
TION OF THE NYCTOPERIOD AND WITH AUXIN 





Te r No. OF 
NODES FL/PL : 


TREATMENT ‘ — : 
FLOWERING PLANTS 


A. Long-Day Induction 


1. Supplementary light 


INGO ocscccccses 0 0 8 
16 hrs, 10 fe ..... 40 1+05 10 
16 hrs, 700 fe .... 100 6+1 8 
2. Light interruption 
POON oi vuviesiew we 0 0 6 
ge 60 se 10 
16 hrs, 700 fe .... 100 WwW+=2 8 
B. Short-Day Induction 
1. Light interruption 
60 min, 500 fc ... 0 8 
10 min, 500 fe ... 80 15+3 S 
2 ee 100 22 +1 8 
2. Auxin 
NAA, 10°M .... 57 1+05 7 
+4 7 
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LoNG Day INpuction: LD induction in LDP may 
ye atisfied by extending a SD with low intensity light 
yr bv interrupting the NP of a SD with a short period 
ff nigh intensity light and is promoted by increasing 
the length of the PP (10). Part of the light require- 
ment in Cestrum could be replaced with low intensity 
ligt as was shown in the following experiment. Three 
groups of plants in SD conditions received either low 
intensity (10 fe), high intensity (700 fe), or no light 
throughout the 16-hr NP. After 12 days of this 
treatment the plants were transferred to SD condi- 
tions for 7 days. The results of the experiment (see 
table I, A, 1) show that supplementary low intensity 
light satisfied the LD requirement though it was 
much less effective than a high intensity light treat- 
ment of equal duration. 

By interrupting the NP of a SD it was possible to 
satisfy LD induction although this treatment was 
much less effect than continuous light of equal inten- 
sity. For this experiment Cestrum plants, in SD con- 
ditions, were treated as follows for 18 days; for one 
group each of the 16-hr NP was interrupted after 7.5 
hours with one hour of light (700 fe), a second re- 
ceived continuous light (700 fe) throughout the NP, 
and a third received an uninterrupted NP. After the 
18-day period the 3 groups were transferred to SD 
conditions for 7 days. The results of the experiment 
appear in table I, A, 2. 


TABLE II 


Tue Criticat PHoroperiop ror LoNG-Day INDUCTION 
AND THE CrITICAL NYCTOPERIOD FOR 
SHort-Day INDUCTION 


Prertop 


—_ ot Vc Po 6 NO OF 
TYPE Lencrn FL TERM FL Pann A, PLANTS 
" IN HRS 
A. Long-Day Induction 
EP 11* 0 0 0 6 
rr 11.5 * 17 0 05+ 0.5 6 
PP 12** 17 17 3 +3 6 
ar? 125** 100 33 14 +2 9 
PP 13 * 94 31 14 +2 15 
PP 14* 100 54 16 +3 13 
PP 16 * 100 100 20 +1 8 
B. Short-Day Induction 
NP ft 0 0 0 6 
NP 15ST 33 0 2 #2 6 
NP I2T7 67 0 oe se 6 
NP 12.5 f 67 50 is +86 6 
NP 13 +7 67 33 i 66 6 
NP 15 77 83 17 12 +5 6 
NP 167 100 33 14 +2 6 


Conditions of temperature and light used during the 
L}) induction in the above experiments are as follows 
(X =the length of the PP in hrs): 

-* Eight hrs in the 26°C greenhouse + X hrs of arti- 
ficial light and 16-X hrs dark at 20° C. 

** X hrs of artificial light + 24-X hrs dark at 20° C. 

Sixteen hrs of artificial light +8 hrs at 20° C. 

‘+ Eight hrs in the 23° C greenhouse +8 hrs artificial 

light and 8 hrs dark at 17° C. 
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TABLE III 
THE NuMBer oF Days Requirep ror Lona-Day AND 
SHort-Day INpuctTION 


No. or ¢ No. or 
No. %FL om Noves rt/p, 0.08 
DAYS : Termrr -YODESFL/PLopraNTs 


A. Long-Day Induction 


4 0 0 0 6 
5 67 0 1+05 6 
q 100 17 i=2 6 
8 100 0 92 6 
9 100 50 17+4 6 
10 100 80 20 +3 6 
18 100 100 32 +2 6 
B. Short-Day Induction 
1 0 0 0 7 
2 100 28 1+4 7 
3 100 43 18 +4 7 
4 100 57 22: +3 7 
7 100 72 232 7 


As is shown by the data in table II, A, the critical 
PP for LD induction is between 11 and 12.5 hours 
and the flowering response increases with the PP up 
to 16 hours. In these experiments the plants received 
18 LD (the temperature and light conditions are re- 
corded in table II, A) followed by 7 SD. In other 
experiments Cestrum plants were exposed to various 
numbers of LD followed by 7 SD. The results of one 
experiment, recorded in table III, A, show that a 
minimum of 5 days was required for LD induction 
and that there was a marked increase in the flowering 
response up to 18 LD. Throughout the LD period 
new leaves responding to induction were unfolded 
from the terminal apex and undoubtedly part of the 
increased flowering response above 5 LD ean be at- 
tributed to this factor. 

After 5 LD some of the leaves had undergone a 
change permitting response to SD induction and the 
onset of floral initiation. With increased numbers of 
LD there was apparently an accumulation of some 
substance(s) (henceforward referred to as L), per- 
mitting a greater response to SD induction. To in- 
vestigate the nature of L a series of experiments were 
performed in which Cestrum plants were exposed to 
high temperatures after LD but before SD induction. 
If L were a protein or another heat labile substance 
such treatment should cause its inactivation. Two 
lots of plants received 15 LD followed by 7 SD; 5 
hours prior to the start of the first NP of SD induc- 
tion one group was placed in a darkened oven main- 
tained at 42 + 2°C for 2 hours and the other in a 
23° C darkroom for an equivalent period. The plants 
were then returned to the 26°C greenhouse and 3 
hours later entered the first NP of SD induction. The 
high temperature treatment did not damage the 
leaves and stems or impair subsequent vegetative de- 
velopment. The inhibition of floral initiation, which 
amounted to 82% (table IV, A), can probably be 
attributed to the heat lability of L. 

If Cestrum plants were defoliated after LD induc- 
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TABLE IV 


INHIBITION OF FLorAL INITIATION By HIGH TEMPERATURE 
TREATMENT AFTER LONG-Day or SHORT-Day 


INDUCTION 
Heat ee % ree ae No. or 
TREATMENT Ze Ft TERM FL Nopes FL/PL pr ants 
A. After Long-Day Induction 
2 hrs, 42°C ... 30 0 2+1 10 
Control ....... 78 11 11+2 9 
B. After Short-Day Induction 
10 min, 50°C .. 86 14 8+3 7 
Control ....... 100 43 18+3 yf 


Inhibition (on the basis of Nodes F1/P1) is 82 % after 
LD induction and 66 % after SD induction. 


tion, regardless of the number of LD, they remained 
vegetative even though new leaves developed from the 
terminal and axillary buds and subsequently received 
SD induction. If L were translocated from the Jeaves 
and accumulated in the buds or stems floral initiation 
should have ensued after the new leaves had received 
SD induction. In another experiment some leaves of 
a plant were exposed to LD induction and at the 
same time others received SD induction as follows: 
one lot of plants, with the exception of 3 leaves, was 
exposed to 25 LD (8 hours in the 23°C greenhouse 


plus 8 hours of artificial light and an 8-hr NP at~ 


23°C): the 8th, 9th, and 10th leaves, counting basi- 
petally, were covered and uncovered daily at the end 
and beginning, respectively, of the 8 hours in the 
greenhouse. In this manner the covered leaves re- 
ceived an 8-hr PP (SD induction) while the remain- 
der of the plant received a 16-hr PP (LD induction). 
If L were translocated from the leaves receiving LD 
induction to those receiving SD the conditions neces- 
sary for floral initiation should have been met. How- 
ever, at the end of the 25-day period none of the 
plants had initiated flowers. Another lot of plants 
was treated in the same manner for 18 days and then 
transferred to SD conditions for 7 days; all of these 
plants flowered at nodes above and below those adja- 
cent to the SD leaves (indicating that the leaves 
above and below the SD leaves produced L). A third 
group of plants received 18 LD with none of the 
leaves covered and then the Sth, 9th, and 10th 
leaves were covered with aluminum foil, in the man- 
ner described above, for 7 days. Eighty-three % of 
the plants of this group flowered, demonstrating that 
covering the leaves with aluminum foil was sufficient 
to insure SD induction. The results of these experi- 
ments seemed to justify the conclusions that L was 
not translocated from the leaves, and, the corollary, 
that a leaf must receive LD before it can respond to 
SD induction. 

SHort Day INpuction: SD induction in SDP 
may be inhibited by interruption of the NP with 
short periods of high intensity light and is promoted 
by increasing the length of the NP (10). For many 
SPP auxin applied just before or during the NP in- 


hibits floral initiation (2) although there are exe: p- 
tions (17). The results of 2 experiments with C.s- 
trum, recorded in table I, B, 1, show the marked :n- 
hibition of SD induction by interruption of the NP. 
The experiments were as follows: 3 groups of pla: ts 
were exposed to 15 LD followed by 2 SD; one lot 
received 2 uninterrupted NP and a second and a third 
received 10 and 60 minutes, respectively, of light 
(500 fe) in the middle of each NP; at the end of SD 
induction the plants were returned to the original LD 
conditions for 5 days. 

The results of a single experiment, recorded in 
table I, B, 2, show that SD induction was severely 
inhibited by auxin applied prior to the NP. Two lots 
of plants were exposed to 18 LD followed by 2 S). 
Prior to the beginning of each NP of SD induction 
one lot was sprayed with a 5x10+*M solution of 
naphthalene acetic acid (NAA), adjusted to pH 7 and 
containing some detergent, until the solution dripped 
from the leaves; 20 minutes after spraying the plants 
were thoroughly rinsed with water and placed in the 
NP conditions. Another group received the same 
treatment except that the spray solution did not 
contain auxin. At the end of SD induction both lots 
were reNirned to LD conditions for 5 days. 

Th¢ critical NP for SD induction was between 11 
and 12 hours (table II, B) and there was a considera- 
ble increase in the flowering response with longer NP. 
For these experiments several lots of plants were ex- 
posed to 18 LD (temperature and light conditions re- 
corded in table II, B) followed by SD induction for 
which the length of the NP was varied. The plants 
received 3 SD with the following light and tempera- 
ture conditions: 8 hours in the 26° C greenhouse plus 
16-—X hours of artificial light and an X-hr NP at 
20°C. After SD induction the plants were returned 
to LD conditions for 4 days. 

The results of one of several experiments in which 
the number of days for SD induction was varied (all 
groups received 15 LD prior to SD induction) are 
recorded in table III, B. A minimum of 2 SD was 
required for induction and there was an increased re- 
sponse with additional SD. Single long NP ranging 
from 48 to 168 hours did not satisfy the SD require- 
ment. Since Cestrum plants survived these extended 
dark periods with no permanent damage to vegetative 
structures, they may be ideal for studying “endoge- 
nous rhythms” (4). 

Within 4 days after the start of SD induction some 
of the apical and axillary buds had entered the first 
stages of floral differentiation. Sometime during this 
4-day period the floral stimulus, henceforward re- 
ferred to as S, was translocated from the leaves to 
the growing points. To determine the time of trans- 
location of S, plants were defoliated at various times 
after the start of SD induction following the methods 
introduced for Xanthium (18, 8). The results of 
several experiments (15) demonstrated that within § 
hours after the 2nd NP of SD induction a sufficient 
amount of stimulus had been translocated from the 
leaves to cause floral initiation. The 8-hr period is 











ae of 


a eee 








clos’ to the minimum time for translocation of S since 
defoliation 5 hours after the end of the 2nd NP com- 
plet-ly prevented floral initiation. Depending upon 


; the conditions of the experiment, translocation of S 
a continues for 48 to 70 hours after the 2nd NP. 

. single experiment was performed to test the 
ind effect of a short period of high temperature after SD 
a induction. Two lots of plants were exposed to 15 LD 

D (8 hours in the 23° C greenhouse plus 8 hours of arti- 
ficial light and an 8-hr NP at 23°C) followed by 2 

SD. Five hours after the end of the 2nd NP one lot 


: was placed in a darkened 50° C oven and the other 
in « 23° C darkroom for 10 minutes. The plants were 
then returned to LD conditions for 5 days. Although 


there was no wilting or visible damage to the leaves 


" or growing points, a 6 em band of phloem tissue was 
. killed around the crown, far below the lowest leaf. 
aw If this phloem damage did not inhibit floral initiation 
fi (owing to its position the damage should not have 
* interfered with the translocation of S), the inhibition 
: observed was probably due to the heat lability of S. 

5 Lockhart and Hamner (11) found that the floral 
we stimulus in Xanthium was inactivated by exposure of 
plants to 3 hours at 40°C at the end of the NP; if 

1 the NP were followed by 5 hours of high intensity 


light the floral stimulus was no longer susceptible to 
> inactivation by the 40° C treatment. If the situation 
: is comparable in Cestrum, it is probable that the in- 
hibition of floral initiation was not due to the lack of 
time for photochemical stabilization since the plants 
received 5 hours of light (2000 fe) prior to the heat 
treatment. Nakayama (12) has shown that exposure 
of Pharbitis nil, a SDP, to 2 hours at 36° C severely 
inhibits floral initiation; in this case the inhibition 
may have been equivalent to that observed by Lock- 
hart and Hamner prior to the photochemical stabili- 
zation process. 





DISCUSSION 


The results of experiments recorded in tables II, 
A and III, A show that the flowering response de- 
pends upon the strength of LD induction. This is 
true even though the product of LD induction, L, is 
not translocated from the leaves and floral initiation 
does not occur until the plants have received SD in- 
duction and produced the floral stimulus, 8S. It is 
known that S is not produced in leaves which have 
not previously received LD induction and accumu- 
lated some quantity of L. Since the number of nodes 
; flowering per plant, ultimately dependent upon the 
: amount of S produced by the leaves, increases as the 
strength of LD induction (i.e., as the concentration of 
L increases), the amount of S produced must be de- 
j pendent upon the concentration of L. This suggests 
that L is a precursor of S and required in stoichio- 
metric rather than catalytic concentrations. The re- 
suis of experiments demonstrating that high tem- 
peratures applied after LD induction inhibit floral 
initiation are also compatible with this suggestion. 
Cestram may be an excellent plant with which to 
study the chemical properties of the floral stimulus 
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or its precursor since L may be accumulated in the 
leaves for an extended period and released in a rela- 
tively short period of time as 8. 
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Fic. 1 (top). The critical PP and NP for LD and 
SD induction, respectively. Data are taken from table II. 

Fic. 2 (bottom). The hypothetical curves for the PP 
and NP of LD and SD induction, respectively, of an 
intermediate day plant flowering with continuous expo- 
sure to a 13-hr PP, the region of maximum efficiency for 
simultaneous LD and SD induction. 
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The curves of figure 1, showing the relationship 
between the length of the PP and NP and the re- 
sponse to LD and SD induction, respectively, overlap 
in the 11.5- to 12.5-hour range. At first sight it ap- 
peared that it should have been possible to satisfy the 
LD and SD requirements simultaneously with con- 
tinuous exposure to PP within this range. However, 
this was not the case and with increased exposure to 
the 11.5- and 12-hour PP floral initiation did not 
occur. When the plants were transferred from these 
PP to SD conditions (16-hr NP) it was noted that 
there was no increase in the % Term FI with an in- 
creased number of LD as was the case with a 16-hr 
PP (table V). Terminal flowering indicates that S 
is produced in the subterminal leaves in excess of that 
required for floral initiation at the adjacent nodes. 
Since S is dependent upon L, terminal flowering is an 
indication of excess L produced in the subterminal 
leaves. With the exception of 2 plants L did not in- 
crease to excess concentrations with prolonged ex- 
posure to 11.5- or 12-hour PP, whereas it did so 
quickly in a 16-hr PP. Apparently the rate of pro- 
duction of L is much lower in the intermediate PP 
than in a 16-hr PP. If the rate of production de- 
creases as the leaf age increases, this factor combined 
with a low starting rate may explain why L does not 
reach excess concentrations upon prolonged exposure 
to 11.5- or 12-hour PP. 

(In the above discussions an arbitrary decision was 
made to speak of the rate of production, rather than 
destruction, of L; there is, however, no evidence to 
show that the rate of destruction is not the factor 
limiting the concentration of L.) 

Although Cestrum is not an intermediate day 
plant of the type described by Allard (1), it suggests 
an explanation for floral initiation in plants of this 
category. If the intermediate day plants possessed 
LD and SD requirements for floral initiation and the 
critical PP and NP for the two reactions overlapped, 
including a region of high efficiency for one or both 


TABLE \V 
Tue Errect or Protoncep Lonc-Day INDUCTION UPON 
THE FLOWERING RESPONSE IN INTERMEDIATE 
DAYLENGTHS 





PHoTOPERIOD NO.OF LONG 


=e mnie ® pays ** Yo TeRM FL NO.OF PLANTS 
11.5 18 0 6 
11.5 28 0 6 
11.5 40 0 6 
12 18 17 6 
12 28 0 6 
12 42 17 6 
16 7 0 7 
16 14 70 13 


16 18 83 21 


* For all photoperiods LD induction was followed by 
7 SD (8 hrs in the 26° C greenhouse and 16 hrs dark at 
20° C). 

** Letting X =the photoperiod in hrs, the conditions 
for long-day induction are X hrs artificial light +24-X 
hrs dark at 20° C. 


reactions, floral initiation would be possible with | on- 
tinuous daylength treatments within this restri ted 
range. Figure 2 shows the hypothetical PP and \p 
curves of LD and SD induction, respectively, for an 
intermediate day plant flowering in a 13-hour Pp 
given continuously or with LD (PP in excess of 13 
hours) followed by SD (NP in excess of 11 houwys), 
One variety of sugareane described by Allard flowered 
in continuous daylength treatments only when the PP 
was exactly 13 hours. He did not report on experi- 
ments in which plants received first LD and then SD 
induction, and these are the necessary experiments to 
test the above model. 

The results of experiments involving graft unions 
between LDP and SDP have shown that the floral 
stimulus is identical in both photoperiodic types (9, 
10). Grafting experiments between day neutral and 
photoperiodically sensitive plants indicate that the 
floral stimulus may be common to many, and _per- 
haps all, plants regardless of their photoperiodic sen- 
sitivity. However, one of the difficulties in assuming 
the same floral stimulus in all plants is to explain how 
the apparently opposite light requirements of LDP and 
SDP result in the production of the same end product. 

Borthwick et al (3) have suggested that the floral 
stimulus, or some precursor, is subject to destruction 
in the light and that this substance must reach a 
minimum concentration to cause floral initiation but 
is inhibitory at higher concentrations. On the basis 
of this hypothesis it was possible for the authors to 
explain the differences in behavior between LDP and 
SDP with the following argument: LDP have a rela- 
tively high rate of synthesis, or low rate of destruc- 
tion, of the floral stimulus, and, conversely, SDP have 
a relatively low rate of synthesis of the floral stimu- 
lus. Additional light inhibits floral initiation in SDP 
by preventing the accumulation of a minimum con- 
centration of the stimulus and promotes initiation in 
LDP by preventing the accumulation of inhibitory 
concentrations. The scheme proposed by Van de 
Sande Bakhuyzen (19, 20) is a modification of that 
of Borthwick et al and also assumes that the floral 
stimulus is the same in all plants and that the photo- 
periodic control of floral initiation is mediated through 
the photosensitized destruction of a substance com- 
mon to both LDP and SDP. At the time they were 
proposed these hypotheses provided an explanation 
for all the known photoperiodic types including the 
intermediate day plants. 

The discovery of the LSDP by Resende (13) sug- 
gests that a modification of these theories is required. 
His most recent findings (14) and those reported in 
this paper for Cestrum, another LSDP; indicate that 
the LD and SD requirements for this group are tlie 
same as those for LDP and SDP, respectively. If 
they are the same, these results suggest that the prod- 
uct of LD induction in LDP differs from that of 3D 
induction in SDP, perhaps in the same way that L 
differs from S in Cestrum. 

xott et al (5) have shown that unvernalized win- 
ter rye behaves as a SDP as well as a LDP in that 
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flor:' initiation is promoted by SD preceding LD. In 
his :eview, Lang reported some additional cases in 
whic the vernalization requirement of winter cereals 
was replaced by SD induction, and Wellensiek et al 
(21) have reported the same behavior for Campanula 
medium, ealling it an SLDP. 

‘There is no data demonstrating the identity of the 
flor:! stimulus or of the pigment receptor of the 
phoiosensitized reactions between the LDP and SDP 
on the one hand and the LSDP and SLDP on the 
other. With this information, which is basic for con- 
structing a generalized scheme, the most perplexing 
problem, that of the relationship between the photo- 
sensitized reactions and the synthesis of the floral 
stimulus, will remain unsolved. 


SUMMARY 


|. Cestrum nocturnum was shown to be a LSDP, 
that is, it required LD followed by SD induction for 
floral initiation. LD induction was promoted by sup- 
plementary low intensity light and by interruption of 
long NP with short periods of high intensity light. 
SD induction was inhibited by interruption of a NP 
with a short period of light and by auxin applied be- 
fore the start of a NP. Thus both the LD and SD 
requirements are comparable to those of LDP and 
SDP, respectively. 

2. A minimum of 5 LD was required for LD in- 
duction and the critical PP was between 11 and 12.5 
hours. A minimum of 2 SD was required for SD in- 
duction and the critical NP was between 11 and 12 
hours. 

3. Only leaves which had previously received LD 
induction responded to SD induction suggesting that 
the product of LD induction was not translocated 
from the leaves. The product of SD induction was 
translocated to the growing points shortly after the 
end of the second NP. 

4. The product of LD induction was probably heat 
labile. The same was indicated for the product of 
SD induction although the experiment was equivocal 
due to vegetative damage accompanying the inhibi- 
tion of floral initiation. 

5. With Cestrum as a model it was suggested that 
floral initiation in the intermediate day plants may be 
controlled by two overlapping photoperiodic reactions. 
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THE CONVERSION OF CO, AND CH3-C'%O-COOH TO CITRIC AND 
MALIC ACIDS IN THE TOMATO FRUITS? ? 


D. R. BUHLER? ELMER HANSEN, 


B. 


E. CHRISTENSEN anv C. H. WANG 


DEPARTMENTS OF CHEMISTRY AND HortTicuLTURE, OREGON STATE COLLEGE, 
CorvaLLis, OREGON 


Recent studies have shown that following injection 
of acetate-1-C!4, into mature green tomatoes, radio- 
activity appears in the respiratory CO., protein, or- 
ganic acids and certain other fractions isolated from 
the homogenized tomatoes (27). Degradation of citric 
and malice acids isolated therefrom indicated the active 
operation of the tricarboxylic acid cycle as the major 
pathway of acetate metabolism and the biosynthesis 
of citric acid. 

To trace the mode of biosynthesis of Cy acids, 
further experiments have been carried out in this labo- 
ratory using green tomatoes in the dark with CO, 
and CHsC™OCOOH as test substrates, respectively. 
Data from degradation studies on citric and malic 
acids are presented which reveal that although the 
C; + C,-type condensation is present in this fruit, it is 
probably not the major pathway for the biosynthesis 
of malice acid. 


MATERIALS AND METHODS 


INTRODUCTION OF LABELED CoMPOUNDS: Michigan 
State Forcing tomatoes grown in a greenhouse and 
picked at the mature green state (6 fruits, 657 gm) 
were placed in a desiccator under slightly reduced 
pressure and exposed to 1 me of ClO, (specific ac- 
tivity 9.27 x 108 epm/millimole) which was generated 
inside the desiccator by injecting 20 % perchloric acid 
into a small vial containing BaC'4O.,. The tomatoes 
were kept in the dark at 24°C for 48 hours after 
which time the system was swept with CO.-free air 
and any residual ClO, was trapped in CO.,-free 
NaOH. 

In a second experiment, 0.134 millimole of CH,C'- 
OCOOH (specific activity 1.02 x 108 epm/millimole) 
was dissolved in 3.5 ml of water and injected into the 

1 Received November 29, 1955. 

2 This research was supported by Contract No. AT (45- 
1)-573 from the Atomic Energy Commission. Published 
with the approval of Monographs Publication Commit- 
tee, Research paper No. 291, School of Science, Depart- 
ment of Chemistry. A portion of the work described 
here is taken from the thesis presented by Donald R. 
Buhler for the degree of Doctor of Philosophy at Oregon 
State College, 1956. 

3 Present address: Division of Experimental Medi- 
cine, University of Oregon Medical School, Portland, 
Oregon. 


locules of 5 tomatoes (total weight of 987 gm). ‘The 
fruits were placed in a large desiccator kept in the 
dark. The respiratory COs was swept continuously 
from the system with CO.-free air and collected in 
NaOH solution. The trap solution was replaced peri- 
odieally with fresh CO.-free NaOH. Carbonate in 
the solution was recovered as BaCOs for radioactive 
assay. 

The specific activity of the respiratory CO, reached 
a maximum in approximately 15 hours (fig 1). To 
insure a steady state in the incorporation of radio- 
activity into various compounds in the fruit, the ex- 
periment was terminated after 46 hours at which 
time the cumulative activity curve of the respiratory 
CO, had leveled off as shown in figure 1. 

IsoLATION OF Fruir Acips: The fruit from the 
CO. fixation experiment was immediately sliced and 
homogenized in a Waring blendor. After the pulp 
was separated from the juice by centrifugation, 
washed successively with water, ethanol and ethyl 
ether, and dried in vacuo, the combination of aqueous 
washings and juice was then passed through an [R-120 
ion exchange column to remove the amino acids. Next 
the effluent was concentrated and passed through an 
IRA-400 resin column, and the organic acids were re- 
covered from the IRA-400 resin by means of HCI elu- 
tion and exhaustive ether extraction of the concen- 
trated eluate. Finally upon removal of ether, the 
mixed acids were redissolved in water. 
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n the pyruvic acid experiment, the procedure for 
iso! tion of the fruit acids was subsequently modified 
bec use of the detection of interaction of fruit sugars 
wit the strongly basic ion exchange resin I[RA-400 
(5). The combined juice and aqueous washings was 
pui through an IR-120 resin column, and the effluent 
was concentrated, acidified with sulfuric acid and sub- 
jected to exhaustive ether extraction. The ether was 
removed from the combined extracts and the residual 
mixed acids were redissolved in water. 

\ portion of the aqueous solution of mixed acids 
wis taken to dryness over phosphorus pentoxide in 
vacuo, acidified with sulfuric acid and subjected to 
siliea gel column chromatography according to the 
method of Bulen et al (6). The identity and purity 
of all fractions were established by paper chroma- 
tography (4, 11) and radioautography. The content 
of acids in the original mixed acids fraction and pure 
fractions obtained in the chromatographic separation 
was estimated by colorimetric methods (17, 22). 

Malice acid was purified through its lead salt with 
subsequent removal of lead ion with H.S. Inert 
carrier was then added and the diluted malice acid was 
further purified by reerystallization from a solution of 
dry benzene and acetone. 

Citric acid was isolated as its calcium salt after 
appropriate dilution with inert carrier acid. 

DEGRADATION ProcepurES: The total activity of 
malic acid was determined by dry combustion to 
carbon dioxide. A portion of the acid was decarbon- 
ated with concentrated sulfuric acid according to the 
method of Racusen and Aronoff (18) and the CO so 
formed was converted to CO, for the specific activity 
of C-1. Finally, a sample was oxidized with potassium 
permanganate according to the procedure of Wood et 
al (29) to give carbon dioxide from C-1, 5 and acet- 
aldehyde (corresponding to C-2, 3). The aldehyde 
was converted to iodoform which corresponds to the 
activity of C-3 and the activity of C-4 was obtained 
by difference. 

The molar specifie activity of the citric acid was 
obtained either by dry combustion or by persulfate 
oxidation. A second sample of citric acid was treated 
with concentrated sulfuric acid according to the Mar- 
tin and Wilson modification (13) of the method of 
Weinhouse, Medes and Floyd (28) to yield CO and 
CO. from C-6 and C-1, 5 respectively. The acetone 
obtained in the same reaction was oxidized subse- 
quently by the wet combustion method of Van Slyke 
and Foleh (24) to COs. The activity of the latter is 
equivalent to that of C-2, 3, 4. 

Acetone was obtained also from C-2, 3, 4 as mer- 
cury-acetone complex by the dichromate oxidation 
method of Lewis and Weinhouse (10). The mercury- 
acetone complex as converted to iodoform which gave 
acetone complex was converted to iodoform which gave 
the-specifie activity of C-2, 4 directly and C-3 by dif- 
ference; a portion of the Deniges complex was also 
oxidized to carbon dioxide for the total activity of 
C-2,3,4. Asa further verification of the degradation 
results, citric acid was also degraded by the method of 


Martin, Wilson and Burris (12) to give the total ac- 
tivity in C-1, 5, 6. The pentabromoacetone from the 
three central carbon atoms was converted to carbon 
dioxide, which corresponds to the sum of C-2, 3, 4. 

All samples were counted as barium carbonate in 
the conventional manner to a standard error of 2 % 
and corrected for background and self-absorption. 

RESULT AND Discussion 

The distribution of the incorporated activity in 
various crude fractions of tomatoes as derived from 
CH,C'4OCOOH and C40, is given in table I. The 
incorporated C' activity from either carbon source 
was found in the organic acids and less noticeably in 
the amino acids fractions. 

The isotopic distribution patterns of malic and 
ctiric acids isolated from both experiments are given 
in table II. In view of the difference in the quantity 
of acids present in the fruits, the labeling level of 
various carbon atoms of these acids was corrected for 
the pool size of each acid in the fruit used in the pres- 
ent experiments. The corrected specific activities as 
well as the pool size of malic and citric acids are given 
in table ITI. 

From C40, as expected, one finds the activity 
located exclusively in the carboxyl groups of the fruit 
acids. The considerably heavier labeling in C-4 of 
malice acid as compared to that of C-1, indicates that 
the mechanism of CO, fixation in tomatoes belongs 
to the Wood-Werkman (29) or malic enzyme (15) 
type. It is interesting to note that the partial ran- 
domization of the malic acid carboxyl groups observed 
here (probably as a result of equilibration with fuma- 
rate) is in contrast to the recent report on CO, fixa- 
tion in apples (1, 2) where complete randomization 
was realized. In citrie acid, the tertiary carboxyl car- 
bon was significantly more heavily labeled than the 
primary carboxyl carbon atoms. By assuming that 
(a) C-5 of citric acid is unlabeled as shown by the 
absence of C140, activity in the fat fraction (table I), 
hence the “acetate” unit; and that (b) the C4 con- 
densing component in the citric acid synthesis is sym- 
metrical as indicated by the equal labeling of C-2 and 


TABLE I 


DistrisuTION or Ct Activity IN FrAcTIONS ISOLATED 
FROM TOMATO FRUIT 


‘Oe EXPERIMENT 
CO: ' EXPERIMENT 





TRACTION ?  cdeeee 
Fract Sp. activity Torar Sp. activity Torar 


(CPM/MILLI- ACTIVITY (CPM/MILLI- ACTIVITY 


MOLE) (cPM) MOLE) (cPM) 

Activity 

adminis- 

tered 927x10° 14 x10° 1.02x10° 137x10° 
Respira- 

tory CO. 4.26x10° 3.17x 10° 6.32x10' 2.11 x 10° 
Organic acids : 8.95 x 10° cote 1.92 x 10° 
Amino acids .... 1.1 x10° 0.40 x 10° 
Sugars ive 0.01 x 10° 0.26 x 10° 
Fat eins 0 ay 
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TABLE II 
Isotropic DISTRIBUTION PATTERN IN MALIc AND 
Citric Acips IN ToMATOES UTILIZING 
CH;C"“OCOOH anp C™O:z 
CH;C“OCOOH 
EXPERIMENT 


CO. EXPERIMENT 


CARBON 


SP. ACTIVITY SP. ACTIVITY 


ATOM ? , 
(CPM Ve (CPM N 
<10*/mMitti- Torar x 10'/MitiI- Torar 
MOLE) MOLE) 
Malic Acid 
C-1 24.9 35 23.7 40.0 
C-2 0 0 4.5 rw i 
C-3 0 0 2.0 3.4 
C-4 40.1 57 26.8 46.0 
Whole 
molecule 70.5 100 58.7 100.0 
Citric Acid 
C-1 + C-5 12.2 43 6.97 87.0 
C-2 0 0 0.13 16 
C-3 0 0 0.13 16 
C-4 0 0 0* 0 
C-6 15.3 54 1.32 16.4 
Whole 


motecule 28.4 100 8.04 100.0 


* Based on theoretical consideration. 


C-3 of citrie acid in the pyruvate experiment, one 
could then assign the activity of primary carboxyl 
carbon atoms to C-1 alone and expect to find equal 
labeling in C-1 and C-6 of citrie acid. The observed 
excessive labeling in the tertiary carboxyl carbon atom 


TABLE III 
DISTRIBUTION OF RADIOACTIVITY IN CiTRIC AND Matic Acips 


FROM ToMato Fruits Utimizinc CH;C“OCOOH 
AND COs CorrectTep For Poot SIze 


CH;:C“*OCOOH 
EXPERIMENT ** 
(Sp. ACTIVITY— 


CO. 
EXPERIMENT * 


CARBON ATOM (Sp. ACTIVITY— 


cPM x 10°/MILLI- cPM x 10°/ MILLI- 
MOLE) MOLE) 
Malic Acid 
Whole molecule 46 14 
C-1 16 0.5 
C-2 0 0.1 
C-3 0 0.05 
C-4 26 0.6 
Citric Acid 
Whole molecule 44 1.2 
C-1 and C-5 19 23 
C-2 0 0.02 
C-3 0 0.02 
C-4 0 OF 
C-6 23 0.2 


*In the fruit 6.5 millmoles malice acid and 15.3 milli- 
moles citric acid were found. 

** In the fruit 2.3 millimoles malic acid and 15.2 milli- 
moles citrie acid were found. 

¥ Assumed to be unlabeled. 


consequently reflects the occurrence of some other ( 0, 
incorporation mechanism such as the formation of :<o- 
citrate from alpha-ketoglutarate and CO. (3, 8, 14 

Since the demonstration of the occurrence of C, + —, 
condensation (with CO.) in tomatoes does not necs- 
sarily imply the quantitative significance of this re:c- 
tion in the overall acid biosynthesis, the pyruv:ite 
experiment was therefore carried out. Pyruvate-2-C'4, 
a key intermediate in the glycolytic scheme, is capable 
of giving rise to Cq acid with labeling mainly in C-2 
and C-3 by way of CO. fixation. On the other hand, 
this compound can also be converted to acetate which 
is in turn used to synthesize a Cy acid through Thun- 
berg-type condensation (23) with labeling confined to 
C-1 and C-4. Comparison of the specific activity of 
the C-2 and C-3 with that of C-1 and C-4 will then 
provide a direct indication of the extent of the opera- 
tion of the C,+C, reaction. Thus, in yeast which 
was utilizing pyruvate-2-C!* as sole carbon source 
Wang et al (25) found 62 % of the activity in C-2 and 
C-3 of aspartie acid and concluded that the C3 +C, 
type reaction is responsible for the metabolism of as 
much as 70 % of the available pyruvate in the yeast. 

In the present experiment, the detection of label- 
ing in the nonearboxyl carbon atoms of malic acid and 
citric acid substantiates the fact that COs, fixation 
occurs in this fruit. However, the presence of only 
11% of the C™ activity in the C-2, 3 of malice acid 
indicates that CO. fixation is probably not a major 
pathway in the biosynthesis of malic acid in tomatoes. 
Judging from the specific activity curve of the respira- 
tory COs, (fig 1) it is reasonable to believe that a 
steady state in labeling had been reached at the time 
the pyruvate experiment was terminated; yet the 
specific activity of malice acid was higher than that of 
the malice acid skeleton in citric acid even after pool 
size is taken into consideration (table III). This fact 
implies that malice acid was synthesized from pyruvate 
prior to citric acid through a pathway unrelated to 
the citric acid cycle. Although the nature of this path- 
way cannot be defined in the present work, it is possi- 
ble that condensation of two C, units of the Thun- 
berg type might play an important role in the overall 
acid biosynthesis in this fruit. In Aspergillus niger, a= 
much as 40 % of the citric acid was reported to origi- 
nate through the C.-C. condensation pathway (19). 

The isotopic distribution pattern of citric acid in 
the pyruvate experiment is in good agreement with 
that of malice acid. Thus, if one assumes that C-1, 2, 
3, 6 in citric acid are derived from the carbon skeleton 
of malie acid by way of the conventional citric acid 
biosynthesis (27), the activity of C-1, 6 and of C-2, 5 
will then be 9 % and 91 %, respectively, of the four- 
carbon fragment in citric acid. These figures compar 
favorably with 11 % and 86 %, respectively, observea 
in malie aeid. 

It is also interesting to note that C-2 and C-* 
citric acid are approximately equal in activity. Since 
these two carbon atoms are equivalent to C-2 anu S-5 
of the Cy condensing component in the classical citric 
acid biosynthesis, it is therefore indicated that the C, 
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cou: ound must be symmetrical in respect to its label- 
ing pattern. In view of the fact that malic acid iso- 
lat: | from the same fruit is not symmetrically labeled 
it i- unlikely that oxalacetate could have been the 
condensing partner. This is true since randomization 
of the latter by equilibration with a symmetrical Cy, 
acid (such as fumaric acid) would have involved 
malic acid as an intermediate. It thus appears that 
a svmmetrieal Cy acid such as fumaric or succinie acid 
is probably participating in the citric acid formation 
in tomato fruits. 


SUMMARY 


|. The intramolecular distribution of radioactivity 
has been studied in citric and malic acids isolated 
from mature green tomatoes treated with C!40O. or 
CH,C4OCOOH. 

2. Carbon dioxide fixation appeared not to be the 
major pathway for acid synthesis in tomato fruit in 
the dark. 

3. Evidence on the incorporation of C140, activity 
into the tertiary carboxyl carbon atom of citric acid 
is presented. 
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RELATION OF PHOSPHORUS NUTRITION TO THE TRANSLOCATION 
OF 2,4-DICHLOROPHENOXYACETIC ACID IN 
TOMATO PLANTS? 


LAWRENCE M. ROHRBAUGH anp ELROY L. RICE 
DEPARTMENT OF PLANT ScieNcE, UNIveRSITY oF OKLAHOMA, NoRMAN, OKLAHOMA 


It has frequently been observed that the effective- 
ness of such herbicides as 2,4-dichlorophenoxyacetic 
acid (2,4-D) may vary from season to season or with 
different habitats even when the same species of plant 
is being treated. One of the factors which is likely to 
be different under such conditions is the availability 
of minerals to the plants. Since many metabolic proc- 
esses are affected by different conditions of mineral 
nutrition, the writers have been conducting experi- 
ments on the relation of several types of mineral 
deficiency to the movement of 2,4-D in plants. Ex- 
periments dealing with such effects of phosphorus 
deficiency in the tomato plant are described in this 
paper. 


EXPERIMENTATION AND RESULTS 


Tomato seeds (Stone variety) were planted in 
quartz sand in 4-inch glazed soil jars in the green- 
house and were watered with a nutrient solution which 
contained no phosphorus. The plants were thinned 
periodically until 3 uniform plants remained in each 
pot. The plants exhibited severe phosphorus defi- 
ciency symptoms by the time they were 30 days old. 
At this time they were divided into 4 series with 34 
pots (102 plants) in each series. Each series was 
divided into 2 groups one of which was to be treated 
with 2,4-D and the other not so treated. By water- 
ing them with a complete nutrient solution, the plants 


1 Received November 29, 1955. 
2 This work was done under Contract No. AT-(40-1)- 
1043 with the Atomic Energy Commission. 


in series A were given phosphorus three days before 
2,4-D was applied to the treated group; the plants in 
series B were given phosphorus 8 hours before the 
time of applying the 2,4-D; those in series C received 
phosphorus at the time of applying the 2,4-D; and 
those in series D were watered with the minus phos- 
phorus solution until 24 hours after the growth regu- 
lator was applied to the treated group and were then 
given the complete solution. By use of a micro- 
pipette, 0.025 ml of 60 % ethanol containing 100 pem 
of 2,4-D and 0.5 % Carbowax 1500 was applied as a 
drop usually to the first true leaf of each plant to be 
treated. In some cases the first leaves were quite 
severely injured, apparently as a result of the phos- 
phorus deficiency, and the 2,4-D was applied to the 
second or third leaf. Ten plants in each series were 
treated with 2,4-D which was labeled in the carboxyl 
position with C!*. The plants were treated at ap- 
proximately 2:30 P.M. and no supplementary illumi- 
nation was used. The curvature of the stems was 
measured with a transparent protractor 20 hours after 
the application of the growth regulator. The results 
of these measurements appear in table I. 
Immediately after measuring the curvatures, the 
10 plants in each series which had received the C'- 
labeled 2,4-D were harvested. The roots of these 
plants were washed free from the sand in which they 
were growing and any unabsorbed 2,4-D was washed 
off the treated leaves with a small stream of 70 % 
ethanol followed by distilled water. The treated leaf 
was then severed from the rest of the plant at the 


TABLE | 


RELATION OF TIME OF ADDING PHOSPHORUS TO THE EFFECT oF 2,4-D 
oN PuHospPHorus DeFIcIENT TOMATO PLANTS 


MEAN STEM CURVATURES 
OF TREATED PLANTS 
20 HRS AFTER TREAT- 
MENT WITH 2,4-D * 


TIME OF ADDING 
P IN RELATION 


SERIES TO TIME OF vi nit Gus: eye 
APPLICATION 
. r DEGREES CURVA- 
or 2,4-D oes TURE WITH 
al STD ERROR ** 
A 3 Days before 59 42+338 
B 8 Hrs before 50 21+14 
C 0 Hrs before 48 20 + 2.2 


D 24 Hrs after 38 


15+14 


MEAN FRESH WTS OF TOPS 21 DAYS AFTER 
TREATMENT WITH 2,4-D 


TREATED WITH 2,4-D 


Con TROLS, No 2,4-D 


No. oF Ws (MG) WITH No.or Wrs (MG) WITH 
PLANTS STD ERROR + PLANTS STD ERROR +7 
; = pacioecbateniialetiainmeei a 4 
38 73 + 14 39 785 + 113 
39 182 + 57 38 317+ &O 
38 140 + 47 38 353 = 83 
28 267 + 38 34 


340+ 50 


* There were minor curvatures, random as to direction, among the untreated control plants. Since the mean of 


these was well below 5° they were not recorded. 


** Curvature in Series A is significantly greater than that of each of the other series at the 0.01 level. Curva- 
ture in Series B is significantly greater than that of Series D at the 0.01 level, Ym 
+ Weights of treated plants in Series D are significantly greater than those in Series A at 0.01 level and signifi- 


cantly greater than those in Series C at 0.05 level. 


+t Weights of treated plants are significantly less than those of control plants in Series A at 0.01 level and in 


Series C at 0.05 level. 
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base of the petiole, the stem was cut in two just above 
the -otyledonary node, and the hypocotyl was cut 
nea’ its center. The plants were segmented in this 


manner to avoid the possibility of movement of 


radioactive material through the plant subsequent to 
harvesting. The 4 segments of each of these plants 
were then placed between pieces of filter paper in a 
plant press and dried in a vacuum oven at 60°C. 
When thoroughly dry these plants were removed from 
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the press and each was mounted on a small piece of 
herbarium paper. The mounted plants were then 
placed on Ansco Non-Screen X-ray film in the dark 
and were left there for 30 days after which time the 
film was developed. Prints of the autoradiograms are 
shown in figure 1. 

Also at 24 hours after application of the growth 
regulator, the treated leaves were removed from all of 
the plants which had received unlabeled 2,4-D and a 





PHOSPHORUS 3 


DAYS 


BEFORE 





PHOSPHORUS 8 





HOURS 


BEFORE 2.4-D 


NO PHOSPHORUS 


Fic. 1. Autoradiograms of P-deficient tomato plants which were supplied with P at different time intervals 


before being treated with C"-labeled 2,4-D. 
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similar leaf was removed from each plant which had 
received no 2,4-D. The growth of these plants was 
observed for 21 days after application of the growth 
regulator. At the end of this time the plants were 
cut off at the sand level and their individual fresh 
weights determined. The weights are shown in table I. 

Two other similar experiments have been per- 
formed. In both of these the results were similar to 
those described above. 


Discussion 


The data shown in table I indicate that the appli- 
cation of phosphorus before treatment of phosphorus 
deficient tomato plants with 2,4-D enhanced the effect 
of the growth regulator. When phosphorus was sup- 
plied to the roots of phosphorus deficient plants 3 
days before 2,4-D was applied to the leaves, signifi- 
vantly greater stem curvatures and inhibition of 
growth of the terminal bud occurred than when the 
supply of phosphorus was delayed until 24 hours after 
treatment with 2,4-D. Also the stem curvatures re- 
sulting from 2,4-D treatment were significantly greater 
when the plants received phosphorus 8 hours before 
treatment than when no phosphorus was supplied 
until 24 hours after treatment. Even applying phos- 
phorus at the time of application of the 2,4-D resulted 
in significantly less fresh weight of the tops and in 
greater stem curvature than was obtained when no 
phosphorus was supplied until 24 hours after treat- 
ment. 

Stem curvature has been used as evidence of the 
translocation of growth regulating substances by sev- 
eral investigators (2, 9, 11, 13). The inhibition of 
the growth of the terminal buds and trifoliate leaves 
also has been used as evidence of this process in bean 
plants (11, 13). We believe that both stem curvature 
and inhibition of the growth of tops are fairly reliable 
indices for the measurement of translocation of 2,4-D 
in tomato plants. 

The autoradiograms (fig 1) indicate that little of 
the C1* reached the lower parts of the hypocotyls and 
roots of the plants which did not receive phosphorus 
before the labeled 2,4-D was applied to them.. A con- 
siderable amount of radioactive material did move 
through the stems and hypocotyls of the plants which 
received phosphorus 3 days before the application of 
the growth regulator and in 8 out of the 10 plants the 
radioactivity was detected in the roots. Such move- 
ment appears to have been greater in the group which 
received the phosphorus 8 hours before application of 
the 2,4-D than in either of the groups which received 
the phosphorus later but less than in the group which 
received the phosphorus 3 days before. There is con- 
siderable evidence that 2,4-D is metabolized in the 
plant (4, 5, 15), and it cannot be said that the move- 
ment of the radioactive material in these cases is defi- 
nite proof of the movement of 2,4-D. Since the data 
from the autoradiograms seem to agree with the evi- 
dence based on such growth responses as stem curva- 
ture and inhibition of terminal growth, we believe it 


likely that at least some of the C!* has rem:ined 
attached to a biologically active form of the growth 
regulator, at least for the 24-hour period teste} in 
these experiments. 

That the presence of translocatable food materials 
is required for the translocation of exogenous growth 
regulators seems well established (7, 9, 11, 12, 13, 14), 
Gauch and Dugger (3) have demonstrated that boron 
deficiency results in a reduction in the rate of trins- 
location of sugar, and Mitchell et al (10) found ‘hat 
the addition of boron greatly augmented the effec of 
sugar in increasing the movement of several growth 
regulators through bean plants. They believed this 
effect of boron was due to its effect in increasing the 
rate of translocation of sugar. No explanation of the 
relation between the translocation of sugars and the 
translocation of growth regulators has been mide. 
Two possible explanations of this relationship scem 
worth mentioning. The sugar may act in the cells of 
the phloem only as a metabolite which provides the 
energy necessary for the translocation of the growth 
regulator. Or some reaction such as esterification may 
occur between the sugar and the growth regulator and 
the growth regulator may be translocated only when 
combined in such a product. Perhaps such a reac- 
tion may take place in the plant only through phos- 
phorylation. 

If either of these hypotheses is correct, then the 
relation between phosphorus nutrition and the trans- 
location of 2,4-D would be straightforward. In the 
first case, phosphorus would be necessary for the utili- 
zation of the sugar as an energy source; in the second 
case it would be necessary for the formation of the 
translocatable material. 

It should be pointed out that while the tomato 
plants in these experiments were suffering from ex- 
treme phosphorus deficiency when they were treated, 
most of them recovered when phosphorus was added. 
Phosphorus deficiency has been shown to result in an 
increase in the sugar content of tomato plants (1, 6,8) 
and therefore the low rate of translocation of the 
2,4-D must not have resulted from a low sugar content. 


SUMMARY 


Phosphorus deficient tomato plants which were 
supplied with phosphorus 3 days before the applica- 
tion of 2,4-D labeled with C1 had significantly greater 
stem curvatures, significantly lower fresh weight of 
tops, and much more radioactive material in the 
hypocotyls and roots than did the plants which did 
not receive phosphorus until 24 hours after treatment 
with the growth regulator. Plants which received 
phosphorus 8 hours before or at the time of treatment 
with 2,4-D were intermediate in their growth re- 
sponses and in the amount of radioactive materia! in 
the hypocotyls and roots. 

It appears that 2,4-D is not readily translocated 
through tomato plants which are seriously deficient 1n 
phosphorus. 
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THE RELATION BETWEEN IRON AND CHLOROPHYLL CONTENTS 


IN CHLOROTIC SUNFLOWER LEAVES! 


LOUIS JACOBSON anp J. J. OERTLI 


DEPARTMENT OF SoIts AND PLANT NutRITION, COLLEGE OF AGRICULTURE, 
UNIverSITY OF CALIFORNIA, BERKELEY, CALIFORNIA 


The advent of highly stable iron complexes which 
are useful in plant nutrition and agriculture (9, 16) 
has led to a renewed interest in the study of iron nu- 
trition, particularly in lime-induced chlorosis. How- 
ever, the investigator soon faces the problem of the 
comparative iron status of green and chlorotic leaves. 
Some investigators have found less iron in chlorotic 
than in green leaves and have demonstrated a good 
correlation between iron and chlorophyll contents (8, 
15, 18). But also, it has been found that chlorotic 
leaves may contain as much or more iron than com- 
parable green leaves (7, 11, 19). Brown and Hen- 
dricks (2) state that the concentration of iron in 
plant tissues has not been a satisfactory index of de- 
ficiency. Consequently chlorosis is frequently con- 
sidered to involve more than a simple iron deficiency. 
Leeper (10) has summed up this view in the follow- 
ing statement with reference to lime-induced chlorosis. 
“Kither the iron enters the plant in a less useful form 
than normal, or something goes wrong with the reac- 
ticas of iron inside the plant growing on certain soils. 
The latter seems more likely.” 

Al‘-hough Iljin (7) did not believe lime-induced 
chlorosis to be due simply to a deficiency of iron, he 


' Received December 6, 1955. 


and others have pointed out that many if not all of 
the observed changes in the composition of chlorotic 
plants are consequences and not causes of chlorosis. 
De Kock and Hall (4) have examined the chlorosis 
occurring in variegated plants and that caused by 
virological or pathological causes and found the same 
high phosphorus-iron and low  caleium-potassium 
ratios as is found in other forms of chlorosis. Proba- 
bly the only major reason that simple iron deficiency 
has not been generally accepted as the cause of chlo- 
rosis is due to the continuing reports that as much or 
more iron may be present in chlorotic leaves as in 
comparable green leaves. 

Some time ago, it was pointed out that surface 
contamination of leaves with iron might account for 
the reported lack of correlation between iron and 
chlorophyll contents (8) and it was suggested that 
adequate washing of leaves was of great importance 
in obtaining positive correlations. Since then, thor- 
ough washing has become more or less a general pro- 
cedure but conflicting results are still being reported. 
Thus it would appear necessary to establish definitely 
whether iron chlorosis is caused directly by lack of 
iron or by more complex phenomena involving metab- 
olic disarrangements. 

In a study of the absorption and translocation of 
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ethylenediamine tetraacetic acid, Weinstein et al (19) 
reported that sunflowers grown at pH 7 with FeSO, 
as the source of iron gave rise to chlorotic leaves con- 
taining as much total iron as green leaves from plants 
grown under similar conditions at pH 5. This ap- 
peared to provide a means of readily obtaining 
chlorotic leaves with iron contents as high as in com- 
parable green leaves. Experiments were therefore 
undertaken to see if a stock of material containing 
“non-utilizable” iron could be obtained. 


MATERIALS AND METHODS 


Initial experiments were carried out closely fol- 
lowing the procedure of Weinstein et al. In these ex- 
periments, sunflower (Helianthus annuus L.) was the 
test plant. The seeds were germinated in sand and 
seven days later the seedlings were transplanted into 
aerated nutrient solutions. The plants were harvested 
about 4 weeks after transplanting. The composition 
of the nutrient solutions used for the first two experi- 
ments was just as described by Weinstein et al. 
Hoagland nutrient solution (0.005 M KNOs, 0.005 M 
Ca(NOg)o, 0.002 M MgSO,4, 0.001 M KH.PO,, 0.5 
ppm Mn, 0.5 ppm B, 0.05 ppm Zn, 0.02 ppm Cu and 
0.01 ppm Mo) was used in the later experiments. 
Reagent grade chemicals were used to prepare stock 
solutions for the first experiment. In subsequent ex- 
periments, chemicals especially purified by the method 
of Stout and Arnon (17) were used. Distilled water 
was used for all nutrient solutions. In addition to the 
usual micronutrients, 3 ppm Cl as KCl was added 


since the recent work of Broyer et al (3) indicates 
that this element is probably essential. Surfaces jn 
contact with the nutrient solution were painted vith 
asphaltum varnish or Amercoat paint (Amet-oat 
Corporation). 

After harvesting, the fresh material was separ ted 
into various plant parts and each fraction weighed, 
The leaf samples which consisted of several leaves of 
similar age and appearance were carefully washed in 
a 2 % solution of Dreft detergent and rinsed with <lis- 
tilled water. The washed samples were dried at 65° C 
in an oven with forced ventilation. After drying, the 
material was weighed and ground using a glass mor- 
tar and pestle. Contact with iron or iron containing 
substances was avoided at all times. In those c:ses 
where chlorophyll was to be determined, samples 
were removed prior to the washing and the chloro- 
phyll determined within a short period of time. 

Total iron was determined colorimetrically by the 
ortho-phenanthroline method after ashing a suitable 
amount of the ground material with redistilled con- 
centrated H.SO, and iron free 30 % H.Oz. (8). 

Samples (about 2 gm) for chlorophyll determina- 
tion, obtained from the fresh unwashed material were 
weighed and ground with washed sand using a pinch 
of CaCOg and a few ml of acetone. The chlorophyll 
was extracted with 80 % (v/v) acetone-water and the 
absorption of the resulting solution measured at 663 
and 645 mp with a Beckman Model B spectrophotom- 
eter. Concentrations were calculated from this data 
and the values for the specific absorption coefficients 


TABLE [| 


IroN CONTENTS OF LEAVES FROM SUNFLOWER PLANTS GROWN aT PH 5 AND PH 7. 
SoLuTIONS CHANGED Every 2Np Day aNnp 0.5 ppm Iron Supptiep as FeSO, 


Ppom ToTAL Fe 


PH PLANT NO. 





DEscRIPTION 


Fa RECENTLY = 
Youna MATURED OLp 
1 519 61.0 72.3 Very slightly chlorotic 
5 2 62.8 65.3 758 5 - = 
3 68.8 66.3 70.4 
1 70.4 78.6 78.4 Very slightly chlorotic 
5 2 57.8 59.5 68.1 Slight chlorosis 
3 81.0 74.2 73.1 Trace of chlorosis 
1 40.3 44.7 60.3 Slight chlorosis 
5 2 49.8 46.8 58.9 Young leaves slightly chlorotic, old leaves green 
3 49.6 50.7 61.2 - a ” " " i i 
1 26.8 7.9 29.9 Moderate chlorosis, veins green 
7 2 26.3 26.0 33.7 Moderate chlorosis 
3 29.2 318 40.3 Moderate chlorosis, veins green 
1 24.3 323 33.0 Moderate chlorosis 
7 2 29.4 32.7 33.5 " ° 
3 24.5 33.6 36.3 . se 
1 20.9 23.6 37.1 Severe chlorosis, some green veins 
7 2 27.1 28.4 37.2 - “ “ $ 
3 37.7 41.5 52.0 Slight to moderate chlorosis 


Av. dry wt of entire plant = 14.5 gm for pH 5 set and 8.9 gm for pH 7 set. 
Av. Fe content of stems=15 ppm for pH 5 set and 7 ppm for pH 7 set. 

Av. Fe content of petioles = 13 ppm for pH 5 set and 8 ppm for pH 7 set. 
Av. Fe content of roots = 3000 ppm for pH 5 set and 1200 ppm for pH 7 set. 
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of c! ‘orophyll a and b published by Mackinney (12). 
All Gata in the tables are expressed on a dry weight 
basi 

RESULTS 

(‘oNSTANT IRON Suppty: For the first experiment, 
three 15-1 crocks containing 3 sunflower plants each 
were maintained at pH 5 and 3 similar crocks were 
maintained at pH 7. The solutions were renewed 
every other day. 0.5 ppm Fe as FeSO,4 was added 
each time the solutions were renewed. An attempt 
was made to keep the pH constant by frequent ad- 
justment between renewals. The seedlings were trans- 
planted into the solutions on August 22 and the plants 
harvested 26 days later. The harvested leaves were 
classified according to age and degree of chlorosis. 
The data are given in table I. 

Even the plants grown at pH 5 were not com- 
pletely green although nearly so. Evidently climatic 
and cultural conditions were such that 0.56 ppm Fe 
was not quite sufficient. Nevertheless, the data of 
table I clearly show a correlation between iron con- 
tent and degree of chlorosis. As a group, the leaves 
from plants grown at pH 5 were only slightly chlo- 
rotic and contained approximately 40 to 80 ppm Fe. 
The leaves of plants grown at pH 7 were moderately 
to severely chlorotic and contained about 20 to 40 
ppm Fe. The only exception was the sample of old 
leaves from plant no. 3 listed at the bottom of the 
table. These leaves contained 52 ppm Fe but these 
plants were the least chlorotic of the pH 7 group. 
Analyses of other plant parts gave a similar picture. 
The iron values for the roots are probably not very 
meaningful because of the difficulty of removing pre- 
cipitated iron from the root surface. 

The results of this experiment differed so dras- 
tically from those reported by Weinstein et al (19) 
that a similar experiment was performed. This sec- 
ond experiment was carried out just as the first ex- 
periment except especially purified reagents were 
used in making up stock solutions. Rather than clas- 
sify leaves according to appearance, the chlorophyll 
contents were determined. The seedlings were trans- 
planted March 8 and the plants harvested 24 days 
later. The data of this experiment are summarized in 
table II. At this time of the year, better growth was 
obtained than in the previous experiment. The yields 
were considerably higher and not too dissimilar from 
those obtained by Weinstein et al (19). 

As ean be seen from the data of table II, there is 
a very good correlation between the amounts of total 
iron and chlorophyll with the exception of one sam- 
ple of old leaves. 

A comparison of the results of the above two ex- 
periments with those of Weinstein et al (19) empha- 
sizes the problem previously stated; namely, some 
investigators find a correlation between iron and 
chlorophyll contents and others find no correlation 
whatever. 

FLucruatinc Iron Suppty: In the following ex- 
periments, the iron-chlorophyll relationships were ex- 


TABLE II 


IRON AND CHLOROPHYLL CONTENTS OF LEAVES FROM SUN- 
FLOWER PLANTS GROWN AT PH 5 AND PH 7. SoLutions 
CHANGED Every 2Np Day AND 0.5 ppM IRON SUPPLIED 
As FeSO, 


PH AGE OF LEAF Pp Fe 


% CHLOROPHYLL 
5 R.m. * 88.2 0.827 
Old 101.0 0.678 
5 R.m. 84.9 0.684 
Old 94.5 0.793 
7 R.m. 55.5 0.538 
Old 59.0 0.570 
7 R.m. 52.8 0.406 
Old 51.2 0.503 
7 R.m. 40.6 0.288 
Old 38.7 0.377 
r | R.m. 35.2 0.241 


Old 41.1 0.272 


* R.m.= Recently matured. 
Av. dry wt of entire plant = 24.0 gm for pH 5 set and 
16.4 gm for pH 7 set. 


amined as a function of the variability of the rate of 
iron supply to the plant root. On April 8, sunflower 
seedlings were transplanted to complete Hoagland 
nutrient solution containing 0.1 ppm Fe as ferric 
sodium ethylenediamine tetraacetate (Fe EDTA). 
Subsequently on April 21, the plants were transferred 
to 15-1 crocks, 3 plants to a crock. The Hoagland 
nutrient solution used in these crocks was prepared 
from especially purified stock solutions and no iron 
was added. These solutions were not changed during 
the remainder of the experiment. By May 6, chlo- 
rotic symptoms were well developed. On this date, 
leaf samples were taken for chlorophyll and iron an- 
alyses from one group of plants and 10 ppm Fe as 
Fe EDTA were added to the nutrient solution. One 
week later, leaf samples were again taken from this 
treated group of plants. Another group of plants 
was permitted to remain in the iron free solution until 
May 11, initial samples taken and 10 ppm Fe as Fe 
EDTA added. Samples were again taken one week 
later. 

The data for these experiments are presented in 
table III. The left side of the table gives the chloro- 
phyll and iron data before treatment with iron and 
the right side gives the data one week after the addi- 
tion of iron to the nutrient solution. The samples 
are arranged on the basis of chlorophyll content, i.e., 
the first sample on the right side of the table did not 
necessarily come from the same plant which furnished 
the first sample on the left side. In this experiment, 
both the initial and final samples consisted of ma- 
tured and recently matured leaves. 

An examination of the left side of the table shows 
that a reasonably good correlation between chloro- 
phyll and iron contents was obtained by omitting 
iron from the nutrient solution. A comparison of this 
data with that from table II indicates that growth 
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TABLE III 


Tue Errect or A FIFTEEN AND TWENTY Day INTERRUP- 
TION OF THE [RON SUPPLY ON THE Iron AND CHLOROPHYLL 
CoNTENTS oF MATuRED AND RECENTLY MatureD SuN- 
FLOWER LeAves. Iron Suppry RESUMED AT 10 pPM LEVEL 

witH Fe EDTA 


BEFORE ADDITION ONE WEEK AFTER 





INTERRUPTION or Fe ADDITION OF Fe 
OF IRON ——————_—_——_—— ——— 
SUPPLY Pepm “% CHLORO- Pepm % CHLORO- 

Fe PHYLL Fe PHYLL 
15-Day 148 0.0088 835 0.060 
19.5 0.0835 389 0.185 
21.4 0.165 490 0.192 
278 0.343 258 0.412 
27.8 0.432 442 0.458 
37.7 0.585 267 0.849 
20-Day 18.1 0.0381 297 0.214 
22.6 0.152 543 0.450 
25.4 0.204 318 0.458 
24.2 0.252 525 0.651 
243 0.283 442 0.744 
34.4 0.486 359 0.722 * 
462 0.651 ** 
462 0.286 7 


* Green basal portions of leaf sample. 
** Midsections of above sample. 
+ Chlorotie apical sections of above sample. 


conditions in this experiment were such that iron was 
utilized more efficiently, the chlorophyll to iron ratio 
being considerably higher. It is quite apparent that 
the addition of iron to the previously iron free nu- 
trient solution completely destroys the correlation be- 
tween chlorophyll and iron. Furthermore, abnor- 
mally high iron contents are found in the leaves of 
plants so treated. When several leaves which were 
green at the base and chlorotic at the apex were ex- 
amined, the same lack of correlation and extremely 
high iron content existed over the whole leaf. Al- 
though the entire leaf accumulated considerable iron, 
only a portion of the leaf responded by increased 
chlorophyll production. 

In another experiment, the iron supply to the 
roots was interrupted for varying periods and the re- 
sponse observed. Sunflower seedlings were trans- 
planted into Hoagland solution containing 1 ppm Fe 
as Fe EDTA on July 7. On July 18, the plants were 
transferred to nineteen 15-1 crocks: containing puri- 
fied Hoagland solution but no iron. Each crock held 
5 plants. One ppm Fe as Fe EDTA was added on 
the same day to the first crock. On the next day, 
1 ppm Fe was added to the second crock. Addition 
of iron was made to individual crocks at subsequent 
intervals as listed in table IV. In this way the iron 
supply was interrupted for periods of time ranging 
from 0 to 30 days. Since the chlorotic plants made 
relatively little growth, it was neither necessary nor 
desirable to change the solutions. During this period 
a small amount of iron contamination kept the plants 
growing although at a reduced rate and they became 
progressively more chlorotic. 

Initial samples for iron and chlorophyll analyses 


were taken from the plants in each crock at the con- 
clusion of the minus iron treatments just before the 
addition of iron. Final samples were taken one week 
after iron had been added to the solution. In t ible 
IV, values for iron and chlorophyll contents are given 
for the initial and final samples. The initial samples 
consisted of recently matured leaves and the final 
samples consisted of recently matured and of old leaves, 
In a general way the higher the iron content, the 
higher the chlorophyll content of the initial samples, 
A closer correlation was not obtained possibly because 
of the erratic nature of the small amount of iron con- 
tamination present and the long time interval between 
taking the first and last samples. Even in a most 
general way, there was no relation between the iron 
and chlorophyll contents in the final samples. The 
recently matured leaves were all high in chlorophyll 
content and contained widely differing amounts of 
iron. The older leaves which would correspond to the 
recently matured leaves of the initial samples also 
contained varying amounts of iron. These older leaf 
samples had lesser amounts of chlorophyll than the 
final recently matured leaves indicating that they had 
not completely recovered from chlorosis. The ab- 
normally high iron values, previously observed, ap- 
peared possibly after a 2-day interruption and cer- 
tainly after a 3-day interruption of the iron supply. 
The iron contents reached a peak in those plants sub- 
jected to a 12- to 14-day minus iron treatment. 


TABLE IV 


Tue Errect oF VARYING THE DuRATiON OF THE INTER- 

RUPTION OF THE [RON SUPPLY ON THE IRON AND CHLORO- 

PHYLL CONTENTS OF SUNFLOWER LEAvES. IRON SupPPpiy 
ResuMED AT 1.0 ppm LeveL with Fe EDTA 


ONE WEEK AFTER ADDI- 


BEFORE ADDI- ‘ : 
TION OF Fe 


TION OF Fe 


PRETREAT- RECENTLY gee! 
MENT— MATURED Rec = vit ) wee 
Dave re snaues MATURED OLD LEAVES 
aie LEAVES 
SOLUTION om . O% : 7 of ‘ oii : % 
a CHLOoRo- oy CHLOoRO- — CHLOoRO- 
PHYLL PHYLL PHYLL 
0 56.9 0.792 77.0 0.855 
1 603 0.696 776 1.00 
2 64.5 1.00 93.8 0.893 
3 49.0 0.704 132 1.03 ae saiats 
4 45.1 0.648 294 1.03 582 0.891 
5 55.9 0.740 240 1.10 ale —— 
6 44.2 0.660 214 1.07 381 =: 0.969 
8 34.0 0.523 259 0.797 344 = 0.571 
10 33.7 0.593 265 0.986 247 ~=0.670 
12 420 0.761 544 1.01 639 0.507 
14 35.8 0.587 620 1.13 482 0.757 
16 278 0.355 227 1.00 234 0.702 
18 30.9 0.486 198 1.16 431 0.516 
20 45.0 0.573 140 1.12 136 8=0.#42 
22 32.5 0475 332 0.975 344 =0.580 
24 23.6 0.357 265 1.13 227 =0.389 
26 25.3 0.260 299 0.858 223 +='0.678 
28 38.0 0.661 288 0.812 201 0.576 


30 313 0.438 250 ~=-:1.05 151 0.604 
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our weeks after the end of the minus iron treat- 
me: t, the iron and chlorophyll contents of recently 
maiured leaves from plants whose iron supply was 
int: crupted for 2, 3 and 4 days were examined. The 
ch! rophyll content of these leaves which had devel- 
ope! some time after the iron supply was resumed 
varied from 0.799 to 1.28% and the iron content 
varied from 44.7 to 73.5 ppm. By this time, an es- 
sentially normal relationship between iron and chloro- 
phy ll contents had been reestablished. 

In the above experiments, the accumulation of iron 
and the irreversibility of chlorosis occurred in plants 
growing in solutions in which Fe EDTA was used as 
the source of iron. A check experiment using FeSO, 
gave very similar results, indicating that these effects 
are related to iron per se and are not peculiar to the 
complex. 


DIscuSsSION 

A lack of relationship between iron and chloro- 
phyll contents was demonstrated by Weinstein et al 
(19) using greenhouse grown sunflowers. However, 
in our hands, similar experiments gave rise to plants 
showing a good correlation between iron and chloro- 
phyll contents. Evidently some factor of which 
neither we nor they were cognizant was involved. 

Even though nutrient solutions were changed 
every other day in the first two experiments described 
here, quite large and rapid changes in the pH of the 
nutrient solutions were observed. The changes were 
caused by selective absorption of ions by the roots 
and were related to general growth factors. Changes 
in pH affect the availability of iron when supplied as 
FeSO,. At high pH, rapid oxidation and precipita- 
tion occurs. At low pH, iron is brought into solu- 
tion. This behavior would be particularly prominent 
in the pH 7 cultures. In our experiments, an attempt 
was made to minimize the pH changes by frequent 
adjustment between renewals of the nutrient solution. 
Even with adjustment, pH decreases of a unit or more 
were occasionally observed in the pH 7 cultures. 
Since Weinstein et al (19) apparently did not control 
pH between renewals, their pH 7 plants might well 
have been exposed to a fluctuating iron supply. This 
could produce results comparable to those obtained 
by deliberately interrupting the iron supply. 

The data of tables I, II and the left side of table 
III are typical of the results consistently found in 
this laboratory in the study of iron nutrition. For 
any given set of plants, a reasonably smooth curve is 
obtained by plotting the chlorophyll content against 
the iron content (8). The efficiency of the iron, i.e., 
the slope of the curve, varies from one set to another 
and is influenced by climatic and other factors. 

The above relationship has been observed when 
the rate of iron supply was uniform or nearly uni- 
forix. If the rate is interrupted drastically, then very 
different results are obtained. After the iron supply 
is resumed, it is found that the correlation between 
iron and chlorophyll no longer exists and abnormally 
large amounts of iron are present in the leaves. The 
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large increase in iron content occurs in old leaves and 
in leaves developed immediately after the resumption 
of the iron supply. Later growth contains considera- 
bly smaller amounts of iron. 

The increased iron content resulting from a tem- 
porary interruption of the iron supply is not confined 
to chlorotic tissue only. It is found in the green 
leaves and green parts of semi-chlorotie leaves. An- 
alytical data and autoradiographs with radioiron 
show no detectable differences in the amount of ac- 
cumulation in green and chlorotic tissues. Presuma- 
bly, the roots temporarily acquire a high capacity for 
the absorption of iron after being subjected to a 
minus iron treatment. This behavior is somewhat 
comparable to the enhanced uptake of salts exhibited 
by excised low salt barley roots. The high iron con- 
tent of the leaf is similar to the “luxury consumption” 
of nutrients observed in foliar diagnosis. 

In addition to the increased iron accumulation an- 
other equally important factor which may destroy the 
correlation between iron and chlorophyll contents is 
the observation that chlorosis tends to be irreversible 
except possibly in very young leaves. Slight or mild 
chlorosis shows good recovery on the addition of iron 
but more severely chlorotic leaves are incapable of 
turning green or at best do so only partially (13). 
When plants having chlorotic leaves were placed in 
solutions containing iron, the iron content of the 
leaves increased considerably but the yellow leaves 
never became completely green again except in cases 
of very mild chlorosis. 

The inability of severely chlorotic leaves to re- 
cover completely may best be explained on the basis 
that iron is essential, directly or indirectly, for the 
production of chlorophyll and a deficiency of iron ir- 
reversibly damages the producing mechanism. Iron 
deficiency has been reported to change the relative 
activities of some plant enzymes (2). In green leaves, 
a considerably larger proportion of the nitrogen is 
present as protein nitrogen than in the case of chlo- 
rotic leaves (6), due perhaps to a direct relation be- 
tween iron and protein synthesis or to a decrease in 
protein synthesis brought about by a reduced rate of 
photosynthesis in chlorotic leaves. Good correlations 
have been found between iron and protein contents 
as well as between iron and chlorophyll contents (1). 
Since one-third to one-half of the leaf protein is con- 
tained in the chloroplasts (14), large differences in 
protein content should involve the chloroplasts. When 
green and chlorotic sugar beet leaves were compared, 
fewer and smaller chloroplasts were present in the 
cells of the chlorotic leaf. If replacement of the dis- 
integrated chloroplasts does not occur or occurs to a 
limited extent, then the leaf would be unable to re- 
cover completely from chlorosis. It is interesting that 
nearly a hundred years ago, Gris concluded that chlo- 
rosis was characterized by an imperfect development 
of the chloroplast caused by lack of iron salts (5). 

A deficiency of iron may therefore progressively 
impair the chlorophyll producing mechanism to the 
point that chlorophyll synthesis is limited not by the 
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amount of iron in the leaf but by the inability of the 
leaf to produce chlorophyll. According to this view, 
it is not the iron which becomes inactive but rather 
the leaf becomes inactive because of the preceding 
period of iron shortage. In sunflower, this point is 
readily reached, a few days of minus iron treatment 
sufficing. The chlorotic leaves of other plants may 
retain some ability to turn green for periods as long 
as two or three months. An indication of this was 
observed with chlorotic pear and peach leaves in the 
field. 

Basically, the type of chlorosis studied here is 
initially caused by a simple deficiency of iron. The 
deficiency and resulting chlorosis modify the behavior 
of the plant in such way as to destroy the correlation 
between iron and chlorophyll contents provided the 
appropriate conditions are present. In sunflowers, 
chlorosis is characterized by an increased ability to 
accumulate iron in the leaves and probably the entire 
plant and by incomplete reversibility of the chlorosis. 
When the rate of iron supply fluctuates, these factors 
appear to be instrumental in obscuring the relation 
between iron and chlorophyll contents. With, a rea- 
sonably uniform rate of iron supply, a good cdrrela- 
tion is maintained. Although this work does not deal 
with lime induced chlorosis, it seems highly probable 
that the above statements may apply equally well in 
that case. 


SUMMARY 


1. If iron is supplied at a uniform rate, then good 
correlations are obtained between iron and chlorophyll 
contents in sunflower leaves. 

2. If sunflower plants undergo a preliminary period 
of iron deficiency, then no correlation between iron 
and chlorophyll contents are found when the iron sup- 
ply subsequently becomes adequate. 

3. A deficiency of iron causes the sunflower leaf to 
accumulate excessive amounts of iron upon restora- 
tion of the iron supply, probably because of an en- 
hanced iron uptake by the low iron plant. 

4. Chlorosis tends to be irreversible so chlorotic 
leaves may not turn completely green even when large 
amounts of iron enter the leaf. It is suggested that 
iron is involved in chloroplast formation via protein 
synthesis, directly or indirectly. 

5. Chlorosis is initially caused by a simple defi- 
ciency of iron but under some conditions, subsequent 
correlations between iron and chlorophyll contents 
may be obscured because of effects related to the de- 
ficiency. 
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THE REDUCTION AND OXIDATION OF GLUTATHIONE 


BY PLANT MITOCHONDRIA? ? 


L. C. T. YOUNG anp ERIC E. CONN 
DEPARTMENTS OF PLANT NUTRITION AND PLANT B:OCHEMISTRY, 
UNIversITy oF CALIFORNIA, BERKELEY 4, CALIFORNIA 


(he reduction of oxidized glutathione (GSSG) by 
~{uced triphosphopyridine nucleotide? (reaction 1) 


GSSG + TPNH + H* — 2 GSH + TPN* (1) 


s catalyzed by glutathione reductase (3, 4, 5). In 
earlier studies this reaction has been coupled with 
soluble dehydrogenases which utilize TPN as a coen- 
zyme (6). Since tissue fractionation studies have 
shown that numerous dehydrogenases, including those 
associated with the oxidation of the Krebs cycle inter- 
mediates, are localized within the mitochondrion, it 
was of interest to determine whether these enzymes 
might also be coupled with reaction 7. This paper 
reports that it is possible to demonstrate the reduc- 
tion of GSSG by plant mitochondria in the presence 
of suitable substrates. In addition, the plant particles 
also catalyzed the oxidation of GSH by molecular O, 
in the presence of catalytic amounts of ascorbic acid. 


= 


METHODS AND MATERIALS 
The avocado mitochondria were obtained from 
firm fruit (Fuerte and Nabal varieties) purchased in 
the local market. The isolation procedure employed 


“was that of Biale and Young (7). The mitochondria 


obtained in this manner were washed by suspending 
in approximately 150 ml of 0.5 M _ sucrose and _ re- 
centrifuging at 17,000xg. The particles were then 
suspended in approximately 5 ml of 0.5 M sucrose to 
make a suspension containing 1 to 2 mg N per ml. 
Pea mitochondria were obtained from 6- to 12-day-old 
etiolated pea seedlings (Alaska variety) or from the 
epicotyls of such plants. The prechilled plant mate- 
rial was ground with 300 ml of 0.5 M sucrose in a cold 
mortar with coarse, acid-washed sand. The pH of the 
homogenate was adjusted to 7.0 during grinding and 
the particles were isolated and washed in the same 
manner as for the avocado mitochondria. All manipu- 
lations were performed at 0 to 4°C and the mito- 
chondria were used immediately after preparation. 
The nitrogen content of the mitochondria was deter- 
inined according to Ma and Zuazaga (8). The GSSG 
reductase analysis is described elsewhere (4). 

The reactions were carried out in the Warburg 
apparatus at 25°C. In the initial experiments all 

! Received December 6, 1955. 
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(FE, 2). 
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and TPNH, oxidized and reduced triphosphopyridine 
nucleotide; DPN* and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; GSSG and GSH, oxidized 
and reduced glutathione; AMP-5, adenosine-5’-PO,; 
ATP, adenosine triphosphate. 
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reagents were added to the main compartment of the 
flask and the mitochondria were placed in the side 
arm. Ten minutes were allowed for equilibration be- 
fore tipping in the mitochondria from the side arm to 
initiate the reaction. In the anaerobic experiments, 
the vessels were flushed with nitrogen for 5 minutes 
before equilibration. At the end of the experimental 
period (60 to 85 minutes) 0.5 ml of 20 % metaphos- 
phorie acid was added and the precipitate centrifuged 
down and discarded. The supernatant fraction was 
then analyzed for GSH according to the method of 
Fujita and Numata (9). The results obtained are 
expressed as micromoles of GSSG reduced (micro- 
moles of GSH formed divided by 2). 

In the experiments on oxidative phosphorylation 
the above procedure was modified by adding the mito- 
chondria directly to the reaction mixture and placing 
radioactive inorganic phosphate (P#2O,=) in the side 
arm. After flushing the anaerobic vessels with nitro- 
gen and allowing all vessels to equilibrate for ten min- 
utes, initial readings were taken. The P??O,4> was 
tipped in from the side arm at this time. After some- 
what shorter experimental periods (30 to 40 minutes) 
the reactions were stopped with 0.5 ml 35 % trichloro- 
acetic acid. The precipitated proteins were centri- 
fuged off and aliquots of the supernatant fraction 
were analyzed for GSH and inorganic phosphate (10). 
The remainder of the supernatant fraction was ana- 
lyzed for esterified P®* according to the method of 
Lehninger (11). a 

TPN* of 70 % purity was generously provided by 
Dr. M. A. Mitz of Armour Laboratories. DPN*, 
AMP-5 and ATP were purchased from Pabst Labora- 
tories; GSSG and GSH from Schwarz, Inc. The 
P320,= obtained from the Atomic Energy Commission 
was hydrolyzed in dilute acid before use (12). 

RESULTS 

The oxidation of Krebs cycle intermediates by 
mitochondria from avocado fruit was first reported by 
Millerd et al (13). In subsequent studies, Biale and 
his associates have extensively investigated the enzy- 
matie properties of mitochondria from avocado fruit 
at all stages of the ripening process, and in particular 
have determined the optimum conditions for oxida- 
tive phosphorylation by these particles (7, 14, 15). 
With avocado mitochondria as a source of the neces- 
sary enzymes, it is also possible to couple the oxida- 
tion of the Krebs cycle acids to the reduction of GSSG 
when GSSG is substituted for O, as the oxidizing 
agent. Table I shows that the oxidation of citrate, 
succinate, malate and a-ketoglutarate can be carried 
out with either oxidant. The first column gives the 
O. uptake observed with the particles in air in the 
absence of GSSG. The second column shows the 
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TABLE I 


REDUCTION OF OXIDIZED GLUTATHIONE BY 
Kress Cycie INTERMEDIATES 


GSSG REDUCED 
MICRO- 
MOLES/MG N x HR 


O. UPTAKE 
MICRO- 
ATOMS/MG N x HR 


ConpDITIONS 


No substrate ..... 0.7 0.08 
MAINO Shc aniatsees 42 3.15 
Succinate ......... 12.1 2.28 
po ee eee 26 2.01 
a-Ketoglutarate ... 10.1 2.59 


Reaction mixtures contained 0.02M substrate; 
1.5 10° M AMP-5; 10°M MgSO,; 4.5x 10° M GSSG; 
6 x 10° M TPN*; 0.01 M phosphate buffer, pH 7.1; 0.3M 
sucrose; and 1x washed avocado particles containing 
1.01 mg N. Total volume, 2.2 ml. Center well con- 
tained 0.1 ml 20% KOH. Gas phase, air or Ne. Reac- 
tion time, 80 min. 


amount of GSSG reduced when GSSG was added to 
the reaction mixture and the reaction was carried out 
in Ns. Since the reduction of one atom of oxygen to 
H,0 requires two electrons, this reaction is equivalent 
to the reduction of one mole of GSSG to GSH. The 
values given in table I and subsequent tables are 
therefore directly comparable. Although GSSG was 
readily reduced, it is apparent that the amount of O. 
consumed was generally greater than the amount of 
GSSG reduced. The variation in O. consumption 
with the different substrates was also greater than the 
variation in the amount of GSSG reduced and sug- 
gests that the reduction of GSSG may be a rate-limit- 
ing reaction. 

The reduction of GSSG by citric acid was selected 
for a more detailed study. In these experiments, 
GSSG was added to incubation mixtures containing 
the necessary components for the oxidation of citric 
acid (AMP-5, Meg**, citrate, and mitochondria) and 
the reactions were carried out in Ny and in air. As 
shown in table II, GSSG was reduced both in Ny and 
in air. The reaction in both instances was clearly 
dependent upon the presence of citrate, TPN* and 
GSSG, and the amount of GSSG reduced was the 
same in air or in Ns. When either Mg** or AMP-5 
were omitted from the reaction mixture (not shown), 
the amount of GSSG reduced was only slightly de- 
creased. The final column of table II also shows the 
amount of O, taken up in the mixture exposed to air. 
Here again the reaction was dependent upon the pres- 
ence of an oxidizable substrate. However, O. con- 
sumption was not dependent on added pyridine nucleo- 
tide to the same extent as was GSSG reduction for 
there was appreciable O, uptake in the absence of 
added pyridine nucleotides. The addition of TPN’ 
and DPN* approximately doubled and tripled, respec- 
tively, the O. uptakes. The plant particles apparently 
contained enough pyridine nucleotides to support 
some hydrogen transfer to Os, but these coenzymes 
were not available for hydrogen transfer to GSSG as 
the oxidant. 

The effect of pH on O, uptake and on the coupled 
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reduction of GSSG by the mitochondria preparat. \ns 
was investigated. With citrate as substrate, t! ore 
was little reaction at pH 6.0 with either O, or G»sG 
as oxidant. Both reactions increased rapidly at »H 
7.0 and then decreased again at pH 7.6. With ma ite 
as substrate, the reduction of GSSG again exhibite | a 
sharp optimum at pH 7.0, but the reduction of 0. 
remained independent of pH from 6.0 to 7.6. 1e 
observed optimum of pH 7.0 for the coupled reacticns 
with O, or GSSG presumably reflects the overall 
effect of pH on the several enzyme systems invol\ «d, 
1.€., aconitase, isocitric dehydrogenase, cytochrome re- 
ductase, cytochrome c, cytochrome oxidase, and gluia- 
thione reductase. 

The action of several metabolic inhibitors was «also 
examined. As was expected, sodium azide and pot:is- 
sium cyanide, at a concentration of 0.001 M, inhibited 
the O. uptake 62 and 88 % respectively. However, 
azide and cyanide did not inhibit the reduction of 
GSSG, and diethyldithiocarbamate (0.001 M) did not 
affect either the O. uptake or GSSG reduction. Since 
azide and cyanide, but not diethyldithiocarbamate, 
are effective inhibitors of cytochrome oxidase (16), 
this enzyme appears to mediate the reduction of O. 
and it is reasonable to assume that a chain of cyto- 
chrome enzymes, similar to that found in animal 
mitochondria, exists in avocado particles. On the 
other hand, none of these inhibitors inhibit glutathione 
reductase (17), the enzyme responsible for linking the 
reduction of GSSG to the dehydrogenases in these 
preparations. 

There is one interesting difference between the re- 
duction of GSSG in air and the same reaction in Nz. 
The last line of table IIT demonstrates that DPN” will 
substitute in part for TPN* in the reduction of GSSG 
in air, but cannot substitute in Ny. In view of the 
fact that GSSG reductase of higher plants is TPN* 
specific (4), this observation can be explained if the 
DPN’ is first phosphorylated to TPN* by ATP and if 


TABLE IT 
RepuctTIon oF OXIDIZED GLUTATHIONE BY CiTrRIC ACID 
GSSG REDUCED 


MICRO- 
MOLES/MG N x HR 


O. UPTAKE 
MICRO- 
ATOMS/MG N x HR 


ConpDITIONS 


Ns; AIR 


Complete system 2.55 2.56 45 
Omit citrate ...... 0.43 0.53 1.0 
js Sy 0.29 0.18 22 
Omit GSSG ....... 0.03 4.1 
Omit GSSG and 

PENT care was cae 0.04 0.01 2.7 
Substitute DPN* for 

‘2. ns 0.38 1.60 6.5 


Complete system contained 0.02 M citrate; 1.5x 10° M 
AMP-5; 10°M MgSO,; 45x10*M GSSG; 6x10°M 
TPN*; 0.01 M phosphate buffer, pH 7.1; 0.3 M sucrose; 
and 1x washed avocado particles containing 1.04 mg N. 
Center well contained 0.1 ml 20 “% 
Gas phase, air or Nz. 


Total volume 2.2 ml. 


KOH. Reaction time, 85 min. 
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the formation of ATP is dependent on aerobic condi- 
tion~. Data supporting this explanation were obtained 
by comparing the amount of GSSG reduced in air and 
in \.» when various combinations of pyridine nucleo- 
tides and adenosine phosphates were employed. Table 
{II shows that DPN* together with AMP-5 partially 
substituted for TPN* and AMP-5 in air but not in 
N.. When, however, ATP was supplied with DPN’, 
reduction of GSSG occurred more readily both in air 
and in Ny. These results, in addition to indicating the 
phosphorylation of AMP-5 to ATP only under aerobic 
conditions, suggest the presence in avocado mitochon- 
dria of the enzyme described by Kornberg (18) which 
eatulyzes the phosphorylation of DPN* to TPN* by 
ATP. The greater reduction of GSSG which occurred 
in Ns» as compared to O, in experiments 1 and 3 was 
regularly observed and may be due to the fact that, 
in the experiments carried out in Nog, there is only one 
oxidant available, namely GSSG. 

THE OXIDATION OF GSH By PLANT MITOCHONDRIA: 
In addition to catalyzing the reduction of GSSG in 
the presence of a suitable hydrogen donor, the mito- 
chondria from avocado carried out the oxidation of 
GSH by O. under appropriate conditions. This oxi- 
dation is dependent upon the fact that avocado parti- 
cles contained ascorbic acid oxidase which catalyzes 
reaction 2. In a typical experiment (table IV), the 


Ascorbie acid + 4% Os 
— Dehydroascorbie acid+Hs,O = (2) 


rapid and nearly complete oxidation of 11.4 micro- 
moles of ascorbic acid was observed in 20 minutes in 
the presence of avocado particles. Appropriate blanks 
were obtained when the substrate was omitted and 
when the enzyme was heat inactivated. The latter 
experiment constitutes the control for any autoxida- 
tion of ascorbic acid which might occur due to the 
presence of metallic ions in the reaction mixture. The 
oxygen uptake was completely inhibited by 0.001 M 
diethyldithiocarbamate and demonstrates that the oxi- 
dation of ascorbic acid was mediated by a copper- 
containing enzyme, undoubtedly ascorbic acid oxidase. 


TABLE III 


SUBSTITUTION OF DPN* anp ATP For TPN* IN THE 
RepvucTION OF OXIDIZED GLUTATHIONE 





GSSG REDUCED 
COMPLETE SYSTEM 





‘ae MICROMOLES/MG N x HR 
Expt NO. é ‘load: Tec Fi 
WITH —_—_— 

AIR Ne 

1 TPN* and AMP-5 3.70 4.12 

2 DPN* and AMP-5 1.22 0.61 

3 DPN* and ATP 161 2.96 

4 Omit TPN* or DPN* 0.35 0.29 





Complete system contained 0.02 M citrate; 1.5 x 10° M 
AMP-5 or ATP; 10°M MgSQ.; 33x10°*M GSSG; 
44x10°M TPN* or DPN*; 0.008M phosphate buffer, 
pH 7.1; 0.5M sucrose; and 1x washed avocado particles 
containing 0.83 mg N. Total volume, 3.0 ml. Center 
well contained 0.1 ml 20% KOH. Gas phase, air or Ne. 


Reaction time 60 min. 


TABLE IV 


OxmpaTIon oF Ascorsic Acip By Avocapo MITOCHONDRIA 





ConDITIONS Oz UPTAKE 
“LIN 20 MIN 
Complete hg ee ee 123 
Omit ascorbic acid ................ 2 
FICAt TIBCHIVAIED ......0.<.6ocscescccses 3 


Diethyldithiocarbamate, 10°M .... 12 





Complete system contained 3.8 x 10° M ascorbic acid; 
7.5 x 10“ M phosphate buffer, pH 7.0; 0.5M sucrose; and 
1x washed particles containing 1.27 mg N. Total vol- 
ume, 3.0 ml. Center well contained 0.1 ml 20% KOH. 
Gas phase, air. 


Cytochrome oxidase, which is also present in these 
particles, is inhibited only slightly by this concentra- 
tion of diethyldithiocarbamate (16). 

Although ascorbic acid oxidase will not oxidize 
GSH directly, dehydroascorbic acid, the oxidation 
product of ascorbie acid, will rapidly oxidize GSH 
at pH 7.0 and above according to reaction 3 (19). 


2 GSH + Dehydroascorbie acid 
—> GSSG + Ascorbic acid = (3) 


In addition, however, numerous investigators have 
shown that many plants contain an enzyme, dehydro- 
ascorbic acid reductase, which also catalyzes this 
reaction (see (2) for review). Since particles from 
avocado can catalyze the oxidation of ascorbic acid 
(reaction 2) and since reaction 3 can occur both enzy- 
matically and non-enzymatically, it was possible that 
the overall reaction, the oxidation of GSH by Os 
(reaction 4) could occur in the presence of these par- 


2 GSH +14 0, > GSSG + H.O (4) 


ticles and catalytic amounts of ascorbic acid. Reac- 
tion 4, together with the coupled reduction of GSSG 
already discussed, would then represent a path of 
hydrogen transport from substrate through pyridine 
nucleotides, GSH and ascorbic acid to Og which by- 
passes the cytochrome system. 

Experiments testing the coupled oxidation of GSH 
with ascorbic acid and O, are presented in table V in 
which the results are expressed both as yl of Oy taken 
up and micromoles GSH oxidized. In the presence 
of 1.1 micromoles of ascorbic acid, 17.7 micromoles of 
GSH were oxidized in 40 minutes. In the absence of 
ascorbie acid there was little reaction, and appropri- 
ate blanks (not shown) were obtained when the mito- 
chondrial preparation was heat inactivated. The 
coupled oxidation of GSH was inhibited 65 % (based 
on O, uptake) by 0.002 M diethyldithiocarbamate due 
to the action of this inhibitor-om ascorbic acid oxidase. 
On the other hand, 0.001 M iodoacetamide inhibited 
the coupled oxidation of GSH only 33 %. Since iodo- 
acetamide is known to inhibit dehydroascorbie acid 
reductase (20), these data indicated that a substantial 
amount (67 %) of the reaction observed was proba- 
bly due to the non-enzymatic oxidation of GSH by 
dehydroascorbie acid. Because of the rapidity of this 
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reaction at pH 7.0, it was impossible to obtain evi- 
dence for dehydroascorbie acid reductase in the avo- 
cado preparations. 

The avocado particles were not unique in their 
ability to catalyze the reduction and oxidation of 
glutathione. Particles isolated from pea seedlings and 
from mung beans also carried out the reduction of 
GSSG (2). In addition, the coupled oxidation of 
1SH by ascorbic acid and Oy, was readily catalyzed 
by mitochondria obtained from pea hypocotyls. 

EXPERIMENTS ON OXIDATIVE PHOSPHORYLATION: 
Biale and his associates (7, 14, 15) have demonstrated 
that avocado mitochondria will support phosphoryla- 
tion during the oxidation of Krebs cycle intermediates. 
Since the work reported here has shown that GSSG 
can substitute for O, as an oxidant in these prepara- 
tions, it seemed important to determine whether inor- 
ganic phosphate could also be esterified with GSSG as 
oxidant. Two different procedures for detecting phos- 
phorylation were employed and numerous experiments 
were performed in which the experimental conditions 
were widely varied. However, all attempts to demon- 
strate oxidative phosphorylation with GSSG as the 
ultimate oxidant were unsuccessful. The initial ex- 
periments measured the disappearance of inorganic 
phosphate in reaction mixtures containing the neces- 
sary components for coupling the oxidation of citrate 
to the reduction of GSSG. Since the avocado parti- 
cles contained hexokinase, it was only necessary to 
add glucose to provide a phosphate acceptor for any 
ATP which might be synthesized. Fluoride was in- 
cluded to prevent loss by phosphatase action. Dupli- 
cate vessels were run in Ng and in air and the amount 
of inorganic phosphate esterified in each case was 
measured. While P:O ratios of approximately 1.0 
were observed in air with citrate as the substrate, no 
significant uptake of inorganic phosphate occurred in 
N. with GSSG as the oxidant (table VI). 

Although the oxidation-reduction potential of 
glutathione is not known with certainty, it is inter- 


TABLE V 


OXIDATION oF RepUcED GLUTATHIONE BY 
Avocapo MITOCHONDRIA 








GSH oxipizEp «Oz UPTAKE 


ConpDITIONS 


MICROMOLES pL 

GSH +ascorbie acid ......... 17.7 119 

CEE GRMN 6. oneaiudvnrnies 0.6 11 
GSH, ascorbic acid and 10° M 

diethyldithiocarbamate .... 6.2 43 
GSH, ascorbic acid and 10° M 

iodoacetamide ............. 14.4 82 

Theory for GSH added ....... 19.5 109 


Theory for ascorbic acid added El 13 





Reaction mixture contained 6.5x 10-*°M GSH; 
4x10*M ascorbic acid; 0.5M sucrose; 10°M MgS0O,; 
7.5x10*M phosphate buffer, pH 7.1; and 1x washed 
avocado particles containing 0.99 mg N. Total volume, 
3.0 ml. Center well contained 0.1 ml 20% KOH. Gas 
phase, air. 
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TABLE VI 


OXIDATIVE PHOSPHORYLATION WITH Avocapo 
MITOCHONDRIA 


INor- 


Oz GSSG } 
ae es: (GANIC ey Cerri) 
Come COO ween P:O REDUCED Est?: RI- 
MICRO- iicro- RATIO MICRO- — Ficp 
ATOMS nous MOLES ¢ 
Aerobic experiments 
1. Complete 
system 11.8 ta 0.65 1.98 370 
2. Omit citrate 19 0.9 aa 0.51 13 
3. Omit GSSG_ 12.1 11.6 0.96 0.14 37.0 
Anaerobic experiments 
4. Complete 
system ior 18 1.54 14 
5. Omit citrate... 0.0 0.72 1.0 
0.18 2.1 


6. Omit GSSG_... 22 


Complete system contained 0.02 M citrate; 1.5 x 10 M 
MgSO,; 3x 10° M AMP-5; 3.3 x 10° M GSSG; 4x 10° M 
TPN*; 0.01 M glucose; 0.01 M NaF; 0.007 M phosphate 
buffer, pH 7.4; 0.5M sucrose; and 1x washed avocado 
particles containing 1.02 mg N. Total volume, 3.0 ml. 
Center well contained 0.1 ml 20% KOH. Gas phase, air 
or Ne. Each vessel received 7.7x10° cpm of P*O,. 
Reaction time, 40 min. 


mediate between that of diphosphopyridine rucleotide 
and that of cytochrome ¢ (21). On thermodynamic 
grounds, therefore, the ratio of the number of atoms 
of phosphorus esterified to the number of moles of 
GSSG reduced (i.e., the P: GSSG ratio) could be 1.0. 
This figure is arrived at from a consideration of the 
oxidation-reduction potentials of the DPNH-DPN 
couple and the most negative value which appears 
possible for the GSH-GSSG couple (5). Since the 
P: O ratio observed in these experiments is only about 
1.0, it was clear that a method of detecting phos- 
phorylation was needed which was more sensitive than 
measuring the decrease in inorganic phosphate. In 
addition, greater sensitivity was also desirable in view 
of the fact that more citrate was oxidized with O. as 
oxidant than with GSSG. Accordingly, the method 
employed by Lehninger and his associates (11) in 
their early studies on oxidative phosphorylation was 
also employed. Results obtained by this method, 
which measures the amount of labeled inorganic phos- 
phate incorporated into the esterified phosphorus 
fractions as a result of oxidative phosphorylation, are 
given for the experiment described in table VI. While 
37 % of the P®? was esterified under aerobic condi- 
tions, only an insignificant amount of tracer was in- 
corporated with GSSG as the sole oxidant. The fail- 
ure to observe esterification could not be attributed to 
any inhibitory action of GSSG or GSH since these 
substances were added or were produced in the aer- 
obic experiments. 

Similar experiments with P820O,4> were carried out 
with mitochondria from avocado and peas in order to 
determine if phosphorylation occurred eithér. during 
the oxidation of ascorbic acid or during’ the oxidation 
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of GSH in the presence of catalytic amounts of ascor- 
bic acid. Again, however, negative results were ob- 
tained although control experiments with citrate as 
substrate and Oy as oxidant demonstrated that the 
phosphorylation mechanisms in these preparations 
were intact and operative. 

PARTICULATE GSSG RepuctTase AND ASCORBIC ACID 
OxasE: The coupled reactions observed with plant 
mitochondria indicated the presence of GSSG reduc- 
tase and ascorbic acid oxidase in these particles. 
While it is easy to demonstrate both enzymes quali- 
tatively in avocado and pea mitochondria, attempts 
to determine quantitatively the amounts of GSSG re- 
ductase in these preparations have not been success- 
ful. The assay procedure used depended on coupling 
zlucose-6-phosphate and glucose-6-phosphate dehydro- 
genase to the reduction of GSSG by the plant parti- 
cles. Under conditions where reductase is limiting, 
the amount of GSSG reduced in a given time should 
be proportional to the amount of reductase employed 
(4). As shown in table VII, these conditions were 
not obtained with avocado mitochondria and similar 
effects were observed with particles from peas. The 
reaction was not proportional to the amount of parti- 
cles added (expts. 1 and 2); moreover, when GSSG 
reductase from wheat germ (expt. 3) was added to 
the particles, the wheat germ activity was almost 
completely inhibited (expt. 4). Since the addition of 
AMP-5 greatly increased the amount of GSH formed 
(expt. 5) by avocado mitochondria, it seemed proba- 
ble that the failure of the assay system to function 
properly was due to the splitting of TPN* by nucleo- 
tidases present in the mitochondria. Because of these 
difficulties, it has been possible to estimate only ap- 
proximately the amounts of GSSG reductase present 
in the particle. Such approximate analyses indicate 
that the specific activity of well-washed avocado par- 
ticles varied from one-fourth to more than one-half 
of the specific activity of the supernatant which con- 
tained the soluble proteins and submicroscopic frac- 
tions. Because of the inadequacy of the assay proce- 
dure, no attempt was made to conduct a careful study 
of the cellular distribution of GSSG reductase. How- 





TABLE VII 
ANALYsIS oF AvocApo ParTICLES FoR GSSG RepuctTAsE 
GSH 
EXPT NO. ADDITIONS TO ASSAY MIXTURE FORMED 
MICROMOLES 
1 0.2 ml Avocado mitochondria 2.85 
2 0.4 ml Avocado mitochondria 2.76 
3 0.9 mg Wheat germ GSSG reductase 8.10 
4 (2) + (3) 2.97 
5 As in (2)+3x10*M AMP-5 7.74 
6 As in (2), omit glucose-6-PO, 0.15 





Assay mixture contained 1.7 x 10M _ glucose-6-PO,; 
3.3 x 10° M GSSG; 9x 10° M TPN; 35 ugm/m! Zwischen- 
fermeat; 0.05 M Tris buffer, pH 7.4. Avocado mitochon- 
dria (2.44 mg, N/ml) were once washed. Total volume 
3.0 ml. Time of incubation, 1 hr at 25° C. 











ever, it should be emphasized that this enzyme was 
not confined to the particulate fraction in the tissues 
studied, but was also found in the supernatant frac- 
tion containing the soluble proteins. 

In an effort to determine whether the GSSG re- 
ductase was firmly associated or attached to the plant 
particles, repeated washings with 0.5 M sucrose were 
carried out. These manipulations failed to dislodge 
the enzyme, and instead, soluble compounds contain- 
ing nitrogen were removed thereby increasing the 
apparent specific activity of the particles with respect 
to GSSG reductase. 

No attempt was made to determine the relative 
distribution of ascorbic acid oxidase in the plant tis- 
sues used in these experiments. There was abundant 
oxidase activity in the fraction representing the solu- 
ble proteins, and the amount of enzyme in the parti- 
cles probably constituted only a small fraction of the 
total activity of the tissue. However, as in the case 
of GSSG reductase, the particulate ascorbic acid oxi- 
dase was not removed by extensive washing, and in- 
stead the specific activity appeared to increase with 
that treatment. 


DISCUSSION 


The reduction of GSSG catalyzed by plant mito- 
chondria demonstrates that particulate dehydrogen- 
ases which oxidize Krebs cycle intermediates can be 
coupled with GSSG reductase. The dependency of 
the reduction of GSSG on TPN’ is in keeping with the 
known specificity of GSSG reductase of higher plants 
for TPN* (4). No conclusions can be drawn, how- 
ever, regarding the pyridine nucleotide specificity of 
the particulate dehydrogenases which coupled to the 
reduction of GSSG, since information is unavailable 
regarding the presence of the enzyme transhydrogenase 
(22) on plant mitochondria. The presence of trans- 
hydrogenase on the plant particles would permit 
hydrogen transfer to TPN* from DPNH formed by 
the action of DPN-specific dehydrogenases. It is also 
interesting that the oxidation of succinic acid could be 
coupled to GSSG reduction since there is no direct 
indication that pyridine nucleotides function in the 
oxidation of succinate. (There is evidence that DPNH 
can be oxidized by fumaric acid in the presence of a 
heart muscle preparation (32).) It is possible that 
the reduction of GSSG observed with succinate was 
due to the combined action of fumarase and malic 
dehydrogenase on the fumarate formed when succi- 
nate was oxidized. However, this is not in agreement 
with the observation that fumarate is only very slowly 
oxidized by the plant mitochondria. 

The oxidation of GSH in the presence of plant 
particles and catalytic amounts of ascorbic acid demon- 
strates that these particulates possess a mechanism 
for the passage of hydrogen from substrate through 
pyridine nucleotides, glutathione and ascorbie acid to 
O.. Mapson and Goddard (3) have previously shown 
that soluble extracts of pea meal can carry out the 
reduction of dehydroascorbic acid. Mapson and 
Moustafa (23) have recently extended these studies 
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and have observed the complete transfer system from 
substrate to Os, in soluble extracts from pea seedlings. 
Their results differ from ours in one very important 
aspect: due to the presence of dehydroascorbie acid 
reductase in the soluble pea extracts, every step in 
their reaction sequence is enzyme catalyzed. Mapson 
and Moustafa have also concluded that the soluble 
GSSG-ascorbie acid pathway accounts for approxi- 
mately 25 % of the total oxygen consumption of pea 
cotyledons. 

Our results were unable to provide any evidence 
that the reduction and oxidation of glutathione by 
plant mitochondria is physiologically significant. The 
addition of catalytic amounts of GSH and ascorbic 
acid to mitochondrial preparations which were actively 
oxidizing succinie or citric acids by means of cyto- 
chrome oxidase did not result in an increased Oy, up- 
take. The rate of reduction of GSSG by plant parti- 
cles was less than the rate of O. uptake observed in 
the same preparations. Finally, oxidative phospho- 
rylation could not be observed either during the an- 
aerobic reduction of GSSG or during the oxidation of 
GSH or ascorbic acid. Although these last observa- 
tions indicate that particulate GSSG reductase and 
ascorbic acid oxidase cannot function in phosphoryla- 
tion processes, the results obtained may have been 
due to the destruction of labile enzyme systems. 
These experiments on oxidative phosphorylation were 
performed with the hope of obtaining some additional 
information on the sites of phosphorylation in the 
hydrogen-transport scheme from pyridine nucleotide 
to Oy. Lehninger (24) has recently discussed this 
problem and work from his laboratory and from 
Lardy’s (25) has provided considerable information. 

The finding of GSSG reductase and ascorbie acid 
oxidase on plant mitochondria is worthy of comment. 
The former enzyme has been extracted as a soluble 
protein from wheat germ (4) and dried yeast (5) and 
is found in the soluble press juices obtained from fresh 
plant tissues (3, 6). Rall and Lehninger (5) con- 
cluded from tissue fractionation studies on rat liver 
that GSSG reductase was present mostly in the solu- 
ble fraction. In addition, Mapson and Moustafa (23) 
reported that the majority of GSSG reductase of pea 
seedlings was soluble. Nevertheless, the latter authors 
were able to observe the enzyme in mitochondria ob- 
tained from pea seedlings. The posibility of obtain- 
ing artifacts in the apparent localization of an enzyme 
within cells is well known (26). In plant tissues, 
these difficulties may be more pronounced due to the 
release of vacuolar contents during the homogeniza- 
tion of the tissue (27). Nevertheless, GSSG reductase 
was observed in significant quantities on mitochondria 
obtained from avocado fruit and pea seedlings. When 
these particles were isolated in a manner which main- 
tained their structural integrity, extensive washing did 
not remove the enzyme but did solubilize other nitroge- 
nous material in the particles. 

It has recently been possible to isolate mitochon- 
dria from lupine cotyledons which carry out oxidative 
phosphorylation with P:O ratios approaching those 
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observed in animal tissues (28). Such preparations 
presumably have maintained their structural integrity 
to a larger degree than the avocado particles which 
seldom exhibited P: O ratios above 1.0. However, ihe 
lupine mitochondria cannot link the reduction of 
GSSG to the oxidation of Krebs cycle acids even 
though the particles contain abundant amounts of 
GSSG reductase. These results therefore suggest that 
the hydrogen and electron transfer system can be 
shunted into GSSG reduction only in particles which 
have been altered considerably from their original 
state. 

The cellular distribution of ascorbic acid oxidase 
has been discussed by Goddard and Stafford (29). 
Although usually considered as a soluble enzyme, 
there is recent evidence that ascorbic acid oxidase is 
also associated with cell wall material (30). More- 
over, Mapson et al (31) have reported that mito- 
chondria from pea seedlings will catalyze the oxida- 
tion of ascorbic acid. 


SUMMARY 


1. The reduction of oxidized glutathione has been 
coupled to the oxidation of Krebs cycle intermediates 
in the presence of plant mitochondria. 

2. The oxidation of reduced glutathione by molecu- 
lar oxygen is catalyzed by plant mitochondria in the 
presence of catalytic amounts of ascorbic acid. This 
is due to the presence of ascorbic acid oxidase in the 
mitochondria. 

3. With the demonstration of these reactions, a 
mechanism exists in plant mitochondria for the trans- 
fer of hydrogen from Krebs cycle substrate through 
pyridine nucleotides, glutathione, and ascorbic acid to 
Oy. Such a mechanism does not involve the partici- 
pation of cytochromes. 

4. Attempts to demonstrate oxidative phosphoryl- 
ation during the reduction of oxidized glutathione and 
during the oxidation of reduced glutathione and ascor- 
bic acid were negative. 


The authors wish to express their appreciation to 
Dr. Jacob B. Biale and his associates for making the 
details of their studies on avocado mitochondria avail- 
able before publication. 
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PINEAPPLE CHLOROSIS IN RELATION TO IRON AND NITROGEN 1? 


C. P. SIDERIS ann H. Y. YOUNG 
DEPARTMENT OF PLANT PHYSIOLOGY, PINEAPPLE RESEARCH INstTITUTE, Honotutu 2, Hawa 


Pineapple plants grown in soils high in pH or in 
water-soluble manganese become chlorotic, because of 
greatly decreased iron availability. At high pH, the 
solubility of iron is greatly reduced and the physio- 

1 Received December 29, 1955. 

2 Published with the approval of the Director as 
Technical Paper No. 239 from the Pineapple Research 
Institute, Honolulu, Hawaii. 


logical activity of iron is rendered ineffective by high 
concentrations of manganese (5, 25). In both cases, 
adequate supplies of iron, as solution sprays of fer- 
rous sulfate, remedy the symptoms of chlorosis (30). 
Chlorosis also often results from inadequate supplies 
of nitrogen in the soil and may be remedied by addi- 
tions of this element. 

The paradox of the type of chlorosis that results 
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from iron deficiency is that many species of plants 
(weeds) grown adjacently to chlorotic pineapple plants 
remain green, suggesting that different plants presum- 
ably employ different mechanisms for the extraction 
or intake of iron from the soil. 

This paper is concerned with the growth, metabo- 
lism and chemical differences in the tissues of pine- 
apple plants grown for 75 weeks in solution cultures 
supplied with adequate “Plus Fe” and inadequate 
“Minus Fe” amounts of iron, as ferrous sulfate. 


MATERIALS AND METHODS 


The planting material was crowns, i.e., vegetative 
proliferations at the fruit apex, from a Cayenne clone 
and weighed 225+ 25 gm. They were suspended 
singly in 4-gallon porcelain crocks containing 17 | of 
tap water for 5 weeks for rooting. At the end of this 
period, they were selected for uniformity in the num- 
ber and length of roots and then transferred to the 
solution cultures. 

Approximately 400 plants were grown in solution 
cultures, prepared with CP chemicals but without 
additional purification by recrystallization. These 
chemicals contained, as contaminants, traces of iron 
which in the “Minus Fe” cultures maintained plant 
growth at suboptimal levels. The molal concentra- 
tions of the nutrient salts in the solution cultures were: 
0.001 KNOs, 0.001 K.SO,, 0.001 Ca(NO3).-4 HO, 
0.001 MgSO,-7H,0, 0.00025 NaH»PO,, 0.000025 
NaB,0;-10H.,O, 0.00001 ZnSO,-6 HO, 0.000005 
CuSO,-5 HO and 0.000001 (NH,4)MoO,. The “Plus 
Fe” cultures contained, in addition to the above, 0.001 
molal FeSO,-7H.O. All solution cultures were con- 
tinuously aerated and changed at 5-week intervals. 
During the change, 10 plants in each series were 
weighed to ascertain growth and some were with- 
drawn for chemical analysis. The number of plants 
withdrawn was varied in accordance with the amounts 
of tissue necessary for this operation. For each of the 
5- and 10-week growth intervals, 10 plants were with- 
drawn and 6 for each of the subsequent 13 intervals. 
All such plants were dismembered into leaves, stems, 
roots and fruits, which were weighed separately. The 
leaves were segregated, according to previously re- 
ported techniques (22), into old B, mature C, active 
D, and young E leaves; the distinction was based 
on morphological and physicochemical differences and 
chronological age. The leaves of each group were cut 
crosswise into basal 1, transitional 2, low chlorophyl- 
lous 3, medial chlorophyllous 4 and terminal chloro- 
phyllous 5 sections. Also, the stems were cut into 
basal B, medial M and apical A sections. All of the 
sections of the leaves and stems were weighed and 
analyzed separately. The methods for the analysis of 
the tissues have been reported previously (21, 24). 
The results are given on the fresh weight basis. 


RESULTS 
PLANT AND Fruit WEIGHTS: The growth of pine- 


apple plants and fruits (fig 1) conforms to an auto- 
catalytic monomolecular reaction (20, 23). Differ- 
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Fic. 1. Combined plant and fruit weights from plant- 
ing to fruit ripening, also separate fruit weights at 5-wk 
intervals. 


ences in plant growth as measured by weight, between 
the “Plus Fe” and “‘Minus Fe” cultures, were first 
observed at 20 weeks of growth and every 5-wk inter- 
val thereafter, and were approximately 150, 200, 250, 
300, 600, 900, and 1250 gm for the 20, 25, 30, 35, 40, 
45 and 50 weeks of growth, respectively. Hence, at 
55 weeks of growth, the approximate period for floral 
differentiation, the “Plus Fe” cultures weighed 1250 
gm more than the “Minus Fe” cultures. The plants 
of both cultures varied in percentage of fresh weight 
throughout the 55 weeks of growth. At the period of 
floral differentiation, the differences were from 4.4 to 
14.2 for the entire plant, 4.5 to 13.0 for the leaves, 
5.0 to 18.0 for the stems, and 2.5 to 20.0 for the roots. 

At 55 weeks of growth, approximately 90 % of the 
plants of the “Plus Fe” and 30 % of the “Minus Fe” 
cultures differentiated. The remaining 70% of the 
plants of the “Minus Fe” cultures differentiated ap- 
proximately 30 weeks later, suggesting a lower rate of 
elaboration of substances essential for differentiation 
than in the “Plus Fe” cultures. Mean fruit weights, 
at the time of ripening, were approximately twice as 
great for the “Plus Fe” as for the “Minus Fe” cul- 
tures. Also, the quality of the fruit tissues, as deter- 
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mined by the presence of brown spots, porosity and 
translucency, was better for the “Plus Fe” than for 
the “Minus Fe” cultures. The differences in sugar 
anc citric acid content of the fruit tissues between the 
“Pls Fe” and “Minus Fe” cultures were small and 
lacked statistical significance. 

iron: Pineapple plants utilize more iron during 
the period of rapid vegetative growth than before or 
after. This increased utilization of iron is associated 
with accelerated chlorophyll synthesis during the 
rapid expansion of the leaves. With the advent of 
floral differentiation and cessation of new leaf growth, 
the iron requirements decrease and gradually increase 
with the formation of suckers (shoots) and of slips 
(greatly enlarged crowns with vestigial fruits borne 
on the peduncle). Chlorophyll first appears in the 
transitional No. 2 sections of young leaves, where the 
concentrations of iron usually measure approximately 
1.0 »gm/gm fresh weight (fig 2), suggesting that iron 
is required in relatively small amounts for the activa- 
tion of chlorophyll synthesis. The comparatively great 
deposits of iron in the distal sections of the leaves and 
especially in the terminal No. 5, resulted from trans- 
located iron carried by the stream of transpiration. 
Usually, the magnitude of iron deposits in the tissues 
was related to the concentrations of iron in the sub- 
stratum and to the chronological age of the leaves, 
the latter being directly associated with the length of 
the period of iron intake. 

The deposits of iron in the roots of the “Plus Fe” 
series, presumably resulted from greater concentra- 
tions of ferrous sulfate in contact with the surface of 
the roots than the roots could absorb, with the sur- 
plus of non-absorbed iron subsequently precipitated 
as Fe(OH). or Feg(PO4)>o in reaction with other sub- 
stances, in the exodermal tissues. Such iron deposits 
increased with longer periods of time. Iron did not 
accumulate in the roots of the “Minus Fe” series, be- 
cause the intake capacity of the roots for iron ex- 
ceeded the concentrations in contact with the roots. 
However, even under iron deficiency, there was a 
slight tendency for iron accumulation in the distal 
sections of the leaves carried by the stream of transpi- 
ration. Average iron concentrations during the 60 
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weeks period of plant growth were 1.710 and 0.824 
pegm/gm fresh weight for the “Plus Fe” and “Minus 
Fe” cultures, respectively, that is, 2.1 times as great 
amounts for the former as for the latter (table I). 
Iron accumulated in leaf tissues with increased 
chronological age, because of longer periods of intake 
(table II). Average iron concentrations in D leaves 
of “Plus Fe” cultures were 1.60 and 3.40 pem/gm, 
respectively, for 20 and 60 weeks of plant growth. In 
the “Minus Fe” cultures average iron concentrations 


i TABLE I 


AVERAGE CONCENTRATIONS PER GRAM OF FRESH WEIGHT, For 60 WEEKs or PLrant GrowTH, or NITRATE, IRON, 
PuosPHorvs, PorasstuM, CaLcIuM AND MAGNESIUM IN DIFFERENT SECTIONS OF D LEAVES 











AND THE Ratios oF SAME FOR THE “Pius Fe” ano “Minus Fe” Cuttures 

















NITRATE Tron PHOSPHORUS PorassIuM CaLcluM MAGNESIUM 

+Fe -Fe +Fe -Fe + Fe -Fe +Fe -Fe + Fe -Fe +Fe -Fe 

mg mg ugm ugm mg mg mg mg mg mg mg mg 
1 0.472 0.324 1.08 0.59 0.119 0.146 3.53 3.79 0.362 0.324 0.246 0.208 
2 0353 0.226 1.28 0.57 0.175 0.198 4.55 4.97 0300 0.270 0.196 0.170 
3 0.072 0.043 1.63 0.72 0177 0223 6.16 6.82 0.424 0.412 0.296 0.262 
4 0 0 2.14 1.04 0.185 0.266 7.16 8.14 0.600 0.580 0.446 0.376 
5 0 0 242 .120 0.230 0327 8.07 9.64 0.5382 0.532 0.550 0.546 
Ay 0.299 0.198 1.710 0.824 0.177 0232 5.90 6.67 0.444 0.424 0347 0.312 


0.756 





1.11 
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for the 20 and 60 week growth periods were, respec- 
tively, 0.76 and 1.32 pgm/gm. Hence, during the 
interval of 40 weeks, the difference between the two 
periods, the plants of 60 weeks of growth accumulated 
iron 2.13 and 1.74 times as great as the ones of 20 
weeks of growth for the “Plus Fe” and “Minus Fe” 
cultures, respectively. 

PHospHorvus: Phosphorus, as orthophosphate, in- 
terferes with the availability of iron to pineapple 
plants through the formation of insoluble salts. Such 
salts may form in the substratum at a pH higher than 
5.0 or on the exodermal tissues of the roots where 
both elements tend to accumulate somewhat during 
the absorption of nutrient solution. The results (fig 
3) show that phosphorus translocation from roots to 
leaves was greatly reduced in the “Plus Fe” cultures 
by precipitation with iron in the exodermal root tis- 
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sues. In the “Minus Fe” cultures, with minim. | or 
no precipitation of phosphorus by iron, the conce jtra- 
tions of the former were low in the roots but hi-h ip 
the leaves, a condition diametrically opposite t: the 
one in the “Plus Fe” cultures. Additional pro! of 
reduced availability of phosphorus brought abou: by 
iron, or vice versa, appears in the average conce::tra- 
tions of phosphorus in the D leaves for 70 weeks of 
plant growth in which it was 0.76 times as great in the 
“Plus Fe” as in the “Minus Fe” cultures (table I). 
Although the intake of phosphorus was greatly rediiced 
by iron in the “Plus Fe” cultures, the plants developed 
well, as evidenced by final plant and fruit weights, 
and without symptoms of phosphorus deficiency. 
CHLOROPHYLL: Chlorophyll concentrations, which 
constitute the most reliable criterion of different de- 
grees of chlorosis, have been employed for the meas- 
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urement of plant performance. In this study, they 
are compared with iron, carotenoids, protein and 
plant and fruit weights. 

‘‘hlorophyll was extracted from the leaf tissues by 
the method of Schertz (15) and measured against the 
standard of Guthrie (4). Chlorophyll and carotenoid 
concentrations were found to vary greatly in different 
areas, or sections, along the length of pineapple leaves 
(20, 22, 26, 27, 28). The measurements reported 
herein for the “Plus Fe” and “Minus Fe” cultures 
were made in comparable leaf areas. 

The results (fig 4) show that chlorophyll concen- 
trations in the “Plus Fe” cultures declined gradually 
from the 20th to the 50th week of plant growth. This 
condition presumably resulted from rapid vegetative 
growth during which plant growth rates exceeded the 
rates of chlorophyll synthesis and deposition in the 
tissues of D leaves. But, after the 50th week of 
growth with the advent of floral differentiation and 
cessation of new leaf growth, chlorophyll concentra- 
tions greatly increased. However, in the “Minus Fe” 
cultures chlorophyll concentrations decreased gradu- 
ally almost until the period of fruit ripening. 

Average chlorophyll concentrations in the D leaves 
for the growth period of 75 weeks (table III) were 
0.49 and 0.23 mg respectively, for the “Plus Fe” and 
“Minus Fe” cultures, that is, 2.12 times as much 
chlorophyll in the former as in the latter cultures. 
Chlorophyll synthesis in terms of iron efficacy, as ob- 
tained in. this experiment, was highly variable, because 
concentrations of iron greatly increased with greater 
concentrations in the solution culture and longer 
periods of growth and of iron intake. For example, 
in the “Plus Fe” cultures, the data (table II) show 
that average concentrations of chlorophyll were 1.57 
(0.63 +0.40) and of iron 0.47 (1.60+3.40) times as 
great in the 20 as in the 60 weeks of plant growth. In 
the “Minus Fe” cultures, the concentrations of chloro- 
phyll were 3.54 and of iron 0.58 times as great for the 
20 as for the 60 weeks of plant growth. Hence, the 
amounts of chlorophyll produced per pgm of iron were 
0.394 mg and 0.117 mg for the 20 and 60 weeks of 
plant growth, respectively, in the “Plus Fe” cultures, 
and in the “Minus Fe” cultures they were, respec- 


tively, 0.606 and 0.099 mg. It is quite evident that 
during the 20 weeks of plant growth, the traces of 
iron in the “Minus Fe” cultures yielded approximately 
1.5 times as much chlorophyll per unit of iron as the 
greater amounts in the “Plus Fe” cultures. Therefore, 
the amounts of iron necessary for the activation of 
chlorophyll synthesis were very small and the accumu- 
lations in the plants of 60 weeks growth in the “Plus 
Fe” cultures should be attributed to iron that is not 
physiologically active, because it was carried to distal 
leaf sections by the transpiration stream. 

The efficacy of iron for increasing the concentra- 
tions of chlorophyll in plants with adequate nitrogen, 
depends on a synchronization of the rates of iron in- 
take with plant growth and chlorophyll synthesis, as 
stated earlier (18). 

With respect to the chlorophyll concentrations of 
the “Minus Fe” cultures, occasional analyses of the 
solution cultures at weekly intervals, disclosed that’ 
they were depleted of all traces of iron at the end of 
the first week after the renewal of the solutions at the 
regular 5-wk period. Such findings suggested that 
chlorophyll synthesis was greatly, if not completely, 
arrested after the depletion of iron. Since this condi- 
tion was repeated at 5-wk intervals, chlorophyll con- 
centrations declined gradually with advancing plant 
age. 

CaROTENOIDsS: The carotenoids, extracted after the 
chlorophyll (15) from pineapple leaves and comprising 
both carotene and xanthophyll, occur in an approxi- 
mate ratio of 1 part of carotenoids to 5 parts of chloro- 
phyll. The results indicate (fig 4) that throughout 
the entire period of plant growth the concentrations 
of carotenoids and chlorophylls follow similar patterns. 
Average carotenoid concentrations of D leaves for 75 
weeks of plant growth were 0.094 and 0.046 mg/gm 
for the “Plus Fe” and “Minus Fe” cultures, respec- 
tively. Hence, carotenoid concentrations were 2.04 
times as great in the “Plus Fe” as in the “Minus Fe” 
cultures and this ratio compared well with 2.13, the 
ratio of chlorophyll concentrations. Chlorophyll and 
carotenoids correlated in the “Plus Fe” and “Minus 
Fe” cultures, respectively, with r= 0.79 and 0.89, both 
statistically significant at P = 0.01. 


TABLE II 


IRON AND CHLOROPHYLL PER GRAM OF FRESH WEIGHT IN DIFFERENT SECTIONS OF ACTIVE 
D Leaves at 20 AND 60 Weeks or PLANT GrowTH IN “Pius Fe” AnD 





























D 20 WEEKS 60 WEEKS 

LEAF Pius Fe Minus Fe Prvs Fe Minus Fe 
‘ECTIONS : a —— ieee ae eee ~ 
Fe CHLOROPHYLL Fe CHLOROPHYLL Fe CHLOROPHYLL Fe CHLOROPHYLL 

nugm mg ugm mg ugm mg ugm mg 

2 0.93 0.33 0.35 0.23 2.70 0.14 1.03 0.06 

3 0.98 0.67 0.65 0.45 3.15 0.49 1.15 0.12 

4 1.75 0.70 0.90 0.50 3.90 0.62 1.62 0.15 

5 1.90 0.79 1.15 0.66 3.90 0.70 1.48 0.18 


Av. 1.60 0.63 0.76 0.46 





3.40 0.40 1.32 0.13 
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PROTEIN: The existence of a chlorophyll-protein 
compound in the chloroplast which Stoll named chloro- 
plastin, according to Rabinowitch (11), had been 
postulated for a long time. According to Menke (7, 
8), total leaf proteins are composed of approximately 
2/3 cytoplasmic- and 1/3 chloroplastic-proteins. The 
results show (fig 3) that total protein concentrations 
increased from the proximal, No. 2, to the distal, No. 
5, D leaf sections and they were higher in the “Plus 
Fe” than in the “Minus Fe” cultures. The curves for 
the concentrations of protein, chlorophyll and carote- 
noids (fig 4) appear to be similar in shape, although 
of different magnitude, and suggest possible interde- 
pendence in the genesis and in the functional activity 
of all three substances. Average concentrations of 
total proteins in D leaves for 75 weeks of plant 
growth were 7.04 and 5.48 mg/gm fresh tissue for the 
“Plus Fe” and “Minus Fe” cultures, respectively, 
(table III). 

The average concentrations of chloroplastic pro- 
teins, according to Menke’s formula (7, 8), were 2.66 
and 2.06 mg/gm fresh weight, respectively, for the 
“Plus Fe” and “Minus Fe” cultures, that is, 1.29 times 
as great for the former as for the latter (table III). 
In the “Plus Fe” cultures, the ratios of chlorophyll to 
chloroplastic protein fluctuated from 19.1 to 19.8 be- 
tween the chlorophyllous sections 3, 4 and 5, with an 
average, including section 3, of 17.5 parts of chloro- 
phyll to 100 parts of protein (fig 5). Smith (31, 32, 
33), who considers chlorophyll as the prosthetic group 
of a protein, found ratios of 16 parts of chlorophyll to 
100 parts of protein. This ratio does not differ greatly 
from 17.5 to 100, that obtained for the “Plus Fe” cul- 
tures. In the “Minus Fe” cultures, the ratios of 
chlorophyll to chloroplastic protein 13.8, 12.1 and 9.9 
for the leaf sections 3, 4 and 5, respectively, are in- 
versely related to the chronological age of the tissues 
of the respective sections (fig 5). It is possible that 
such an inverse relationship resulted from the lysis of 
the bonds between chlorophyll and chloroplastie pro- 
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“High N” and “Low N” cultures. 


teins with subsequent decomposition of the former 
and accumulation of the latter in tissues of advanced 
chronological age. 

Chlorophyll and protein were correlated in the 
“Plus Fe” and “Minus Fe” cultures, with r=0.80 
and 0.79, respectively, both statistically significant at 
Pr-O. 


SUPPLEMENTARY RESULTS 


Nitrogen plays a role equally as important as iron 


TABLE III 


AVERAGE CONCENTRATIONS PER GRAM OF FRESH WEIGHT, FoR 75 WEEKS oF PLrant GrowTH, or Totat Protein (N x 6.25), 
Torat OrGcANiIc NITROGEN, CAROTENOIDS, CHLOROPLASTIC PROTEIN (1/3 ToTat ProTEIN), CHLOROPHYLL, RaTIOos or CHLORO- 
PHYLL TO CHLOROPLASTIC PROTEIN (CHLOROPHYLL x 100/CHLOROPLASTIC PROTEIN) IN Sections 1, 2, 3, 4 AND 5 oF 


D Leaves or “Prius Fe” ann “Minus Fe” Sorution CuLtTuRES 




















Tora. ‘ 
Torar enneate C AROTE~ 
D PROTEIN anni NOIDS 
LEAF  - ———. 
SECTIONS 
+Fe -—Fe +Fe -Fe +Fe -Fe 
mg mg mg mg mg mg 
1 3.41 2.70 0.90 0.79 ere ee 
2 454 3.53 1.06 0.86 0.024 0.014 
3 7.53 5.42 1.78 1.33 0.085 0.043 
4 944 7.05 237 1.77 0.118 0.060 
5 10.25 8.68 250 1.463 0.148 0.065 
Av. 7.04 548 172 128 0.094 0.045 
+ Fe/- Fe 2.09 


1.34 








Pius Fe “Minus Fe” 

Cunene- CHLORO- Cilia, CHLORO- 

a . PLASTIC RarTIOs ein PLASTIC RAarTIOS 

rareee PROTEIN P PROTEIN 

mg mg mg mg 

0 ai wats 0 a te 

0.180 1.52 118 0.103 1.18 8.7 

0.490 2.52 19.4 0.250 1.81 13.8 

0.605 3.17 19.1 0.285 2.35 12.1 

0.680 3.43 198 0.286 2.90 9.9 

0.488 2.66 17.5 0.231 2.06 11.1 

2.11 
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in the development of chlorophyll. Chlorophyll meas- 
uren:ents were made in 3 lots of plants grown in a 
complete nutrient solution from September 1935 to 
July 1936. Then, from July to December 1936, each 
lot was transferred to solution cultures designated 
“Complete,” i.e., with all the essential elements, 
“Minus N,” ie., without nitrogen, and “Minus Fe,” 
ie., without iron. 

In December 1936, the average chlorophyll con- 
centrations of the combined No. 2, 3, 4 and 5 sections 
of the mature C leaves in the “Minus N” cultures 
were as high as 25 % and in the “Minus Fe” cultures 
as high as 85 % as in the “Complete” cultures (fig 6). 
The concentrations of chlorophyll in the combined No. 
23, 4 and 5 of the active D leaves were in the 
“Minus N” cultures as high as 31% and in the 
“Minus Fe” cultures as high as 58 % as in the “Com- 
plete” cultures. Hence, the losses of chlorophyll from 
N-deficieney in the “Minus N” cultures were approxi- 
mately the same for both the chronologically more 
advanced C and the younger D leaves, because during 
the period of nitrogen deficiency, the chloroplastic 
proteins of the C leaves ceased to increase and, more- 
over, they underwent partial breakdown to release 
nitrogen for the formation of chloroplastic proteins in 
D leaves. Protein breakdown which was followed by 
chlorophyll breakdown was observed by Rombeck 
(14) in plants deficient in COs. 

In the “Minus Fe” cultures, average chlorophyll 
concentrations in the combined sections were 2.8 
times as great in C as in D leaves, indicating that 
chlorophyll and the associated chloroplastic proteins 
were produced in smaller amounts in D leaves during 
the period of iron deficiency, while in C leaves both 
substances remained only at slightly lower levels after 
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the period of iron deficiency than before (fig 6). The 
data, also, suggest that iron translocation from old to 
new leaves, if any, was much lower than the require- 
ments for chlorophyll synthesis in new tissues. 

Additional results from pineapple plants, grown 
for 11 months in solution cultures with 84.0 and 7.0 
mg of N/| of solution and designated as “High N” 
and “Low N” cultures, respectively, showed differ- 
ences in final plant weights and in certain tissue con- 
stituents (fig 7). In the “High N” cultures the con- 
centrations of chlorophyll and of total protein-N were 
as great as 3.5 and 1.5 times, respectively, as in the 
“Low N” cultures. 

In the combined sections Nos, 3, 4 and 5 of D 
leaves, the ratios of chlorophyll to chloroplastic pro- 
tein, the latter calculated according to Menke (7, 8) 
were 18.4 and 7.3 parts of chlorophyll to 100 parts of 
protein for the “High N” and “Low N” cultures, re- 
spectively (fig 5). The levels of the ratios of chloro- 
phyll to chloroplastic protein (fig 5) in the “Plus Fe” 
cultures compared satisfactorily with those in the 
“High N” cultures. Also, the levels of similar ratios 
in the “Minus Fe” cultures compared favorably with 
those in the “Low N” cultures. This similarity in the 
ratios of chlorophyll to chloroplastic protein between 
the iron and nitrogen cultures indicate that both ele- 
ments are equally important qualitatively, if not 
quantitatively, in the processes for the formation of 
chloroplastie protein and chlorophyll. 

INTAKE OF MINERAL NuTRIENTS: Since the me- 
tabolism of pineapple plants, as measured by plant 
and fruit weights, undergoes certain modifications 
with the changes in the concentrations of chlorophyll, 
it is natural to expect comparable changes in the rates 
of intake and assimilation of mineral nutrients. 
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Fic. 6 (left). Chlorophyll in sections 2, 3, 4 and 5 of mature C and active D leaves of pineapple plants grown 
in “Complete,” “Plus Fe” and “Minus Fe” cultures with nitrate and ammonium salts as nitrogen sources. 
Fig. 7 (right). Chlorophyll and protein-N in sections 2, 3, 4 and 5 of D leaves grown in solution cultures with 


“High N” (84 mg N/1l) and “Low N” (7 mg N/I). 
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Measurements of nutrient elements in different 
sections of D leaves and in other plant parts, reported 
as average concentrations for 60 weeks of plant growth 
(table I), indicate that the intake of nitrate, calcium 
and magnesium was higher and of potassium and 
phosphorus lower in the “Plus Fe” than in the “Minus 
Fe” cultures. The high concentrations of potassium 
in the “Minus Fe” cultures resulted from concentra- 
tion effects in view of smaller plant weights, which 
were 25 % smaller than plants in the “Plus Fe” cul- 
tures. A similar correction for plant weight differ- 
ences applied to the concentrations of phosphorus 
would make equal the total intake of this element for 
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both cultures and would greatly increase the avi rage 
concentrations of calcium, magnesium iron and ni 
in the “Plus Fe” cultures. 

The rates of nitrate-N, as indicated by the rel:tive 
concentrations in sections 1, and 2 of D leaves (fiz 8), 
was approximately 1.5 times as great in the “Plus Fe” 
as in the “Minus Fe” cultures. Nitrate concentrations 
greatly decreased in section 3 and dropped to aliost 
zero values in 4 and 5 because of rapid assimilation in 
the chlorophyllous tissues. 

The higher concentrations of nitrate in the non- 
chlorophyllous sections of the D leaves in the “Plus 
Fe” cultures should be attributed to a greater meta- 
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Fic. 8. Nitrate concentrations in sections 1, 2 and 3 of D leaves, stem apex and roots of “Plus Fe” and “Minus 


Fe” cultures. 


Fic. 9. Total organic-N concentration in D leaf sections 1, 2, 3, 4 and 5 of “Plus Fe” and “Minus Fe” culture . 
Fic. 10. Total sugar concentrations in D leaf sections 1, 2, 3, 4 and 5 of “Plus Fe” and “Minus Fe” cultures. 
Fic. 11. Ratios of total sugars in the proximal No. 2 to the distal No. 4 sections of young E leaves of “Plus 


Fe” and “Minus Fe” cultures. 
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bolic activity that presumably resulted from greater 
concentrations of chlorophyll (fig 8). In addition, 
the roots in the “Plus Fe” cultures possessed a greater 
permeability to solutes, including nitrate, presumably, 
Lecause the surface areas of white tissue near the tip 
were considerably more extensive than in the “Minus 
Fe” cultures. Although ‘otal root weights per plant 
were 1.1 times as high in the “Minus Fe” as in the 
“Plus Fe” cultures, the average number of the roots 
was greater and their length shorter in the latter than 
in the former. Previous results (17, 18, 19, 25, 30) 
disclosed that pineapple plants grown in iron-deficient 
solution cultures produced few but very long roots 
with very small areas of white tissue. In cultures 
with ample iron and nitrogen in the nutrient solution, 
similar plants produced many but relatively shorter 
roots with greatly increased areas of white tissue near 
the tip. Therefore, the intake of nitrate at greater 
rates by the “Plus Fe” than the “Minus Fe” cultures 
presumably resulted from the larger areas of white 
tissue at the root tip. With greater rates of nitrate 
intake in the “Plus Fe” cultures, the concentrations 
of total organic nitrogen were 1.34 and of protein, 
1.28 times as great as in the “Minus Fe” cultures 
(table III). 

Total organic nitrogen, composed mostly of pro- 
tein-N, proteose-N, peptide-N, amino-N and amide-N, 
accumulated more in the distal, No. 3, 4 and 5 than 
in the proximal No. 1 and 2 sections of D leaves 
(fig 9). Average total organic-N concentrations were 
higher in the “Plus Fe” than in the “Minus Fe’ cul- 
tures and resulted from greater rates of intake and 
assimilation of nitrate. The curves of total organic-N 
(fig 9) greatly resemble in shape the ones of protein 
(fig 4), presumably because the latter constitutes 
more than 50% of the total amount of the former. 

CARBOHYDRATES: Carbohydrate synthesis, depend- 
ing on photosynthesis in which chlorophyll plays a 
dominant role, is reduced in chlorotic plants in rela- 
tive proportion with the intensity of chlorosis. Vari- 
ous workers (1, 2, 3, 6) have found that the rates of 
photosynthesis, as measured by the evolution of oxy- 
gen in Chlorella cultures, are closely related to the 
concentrations of chlorophyll. In this study the rela- 
tionship of chlorophyll concentrations to photosynthe- 
sis was measured by total plant and fruit weights, in 
addition to the average concentrations of total sugars 
and starch. The results (fig 10) show that the con- 
centrations of sugars in the chlorophyllous distal sec- 
tions 3, 4, and 5 were greater for the “Plus Fe” than 
for the “Minus Fe” cultures, while in the nonchloro- 
phyllous proximal sections 1 and 2, they were reversed 
(29). 

Sugar accumulated at the proximal nonchlorophyl- 
lous leaf regions by translocation from the distal 
chlorophyllous regions of the same or of other ad- 
jacent leaves. In the proximal leaf regions of active 
1’ and young E leaves with meristematic tissues, 
sugar concentrations decreased more at high than low 
rates of growth, as revealed by a compariso»: of fig- 
ures 1 and 10, because of utilization in the formation 
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of new tissues. Hence, the ratios of sugar concentra- 
tions in the proximal to those in the distal regions of 
young E leaves were inversely related to the amounts 
of sugar utilized by the tissues (fig 11) and indicated 
that with advancing plant age the sugars increased 
because of decreased rates of utilization in new tissue 
growth. Such ratios were greater in the “Minus Fe” 
than in the “Plus Fe” cultures, because of lower rates 
of sugar utilization in plant growth in the former than 
in the latter. At approximately 50 weeks of plant 
growth, which coincided with the onset of floral differ- 
entiation and cessation of new leaf production, the 
ratios increased rapidly for both cultures, thus indi- 
cating an end to sugar utilization for the formation 
of new leaf tissues. 

Average sugar concentrations were not related 
quantitatively to the concentrations of chlorophyll in 
D leaves. In the chlorophyllous section 3-5, sugar 
concentrations were 1.025 times and chlorophyll 2.15 
times as great in the “Plus Fe” as in the “Minus Fe” 
cultures. Also, average starch concentrations in the 
stem tissues were 52.0 and 43.6 mg for the “Plus Fe” 
and “Minus Fe” cultures, respectively, that is, 1.19 
times as great for the former as for the latter. 

Depressed plant and fruit growth in chlorotic 
plants has been attributed to carbohydrate deficiency. 
Chlorophyll synthesis was very low, if not completely 
arrested during the period of iron depletion, which 
was effective in the last 3 to 4 weeks of each 5-week 
period of changing of solution cultures. However, 
both sugars and starch were produced in ample 
amounts by the chlorotic plants of the “Minus Fe” 
cultures, as reported (fig 10), and had they been uti- 
lized at greater rates at the meristematic tissues of 
the proximal leaf regions their concentrations would 
have not exceeded those of the green plants of the 
“Plus Fe” cultures. Hence, the evidence suggests that 
deficiencies other than carbohydrates had developed 
in the “Minus Fe” cultures which were responsible for 
decreased plant and fruit growth. Moreover, what- 
ever the nature of the deficiencies in the “Minus Fe” 
cultures, they developed during the periods of total 
iron depletion and simultaneously with the cessation 
of chlorophyll synthesis. 


DISCUSSION 

In the light of the results of the investigations re- 
ported above, chlorosis was induced in the chlorophyl- 
lous tissue of the leaves by deficiencies in iron or in 
nitrogen, because both elements are associated with 
the processes for the formation of chloroplastie pro- 
tein and chlorophyll. Rombeck (14) observed that 
deficiency in carbon dioxide in fast growing plants 
results in protein breakdown which is followed by 
chlorophyll breakdown. 

The amounts of iron and nitrogen required by 
plants for the formation of chlorophyll and chloro- 
plastic proteins depend on the rates of leaf expansion, 
which vary with different stages of growth and devel- 
opment and with the nutritional and climatie condi- 
tions in the environment. 
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It is quite evident in the results, reported above, 
that chlorophyll concentrations in the tissues increased 
with greater amounts of chlorophyll. However, there 
was no stoichiometric relationship between chlorophyll 
or chloroplastic protein and iron. Oserkowsky (11) 
found that only active iron but not total iron in the 
leaves of pear trees correlated with the amounts of 
chlorophyll. He (10) also found that cholorophyll 
correlated with the carotenoid content of the same 
pear leaf tissue. 

The rate of photosynthesis in plants with variable 
chlorophyll concentrations, resulting from iron or 
nitrogen deficiencies, is proportional to the chloro- 
phyll content, as measured by the evolution of oxygen 
by Chlorella cultures (1, 2). In plants which are 
chlorotic due to magnesium deficiency, the evidence 
indicates that magnesium plays a part in photosyn- 
thesis in addition to its effect upon chlorophyll con- 
tent (3, 6). 

Photosynthetic rates, as indicated by the quotient 
PQ=A0./ACO., do not allow one to identify the 
products of photosynthesis as simple sugars, or their 
polymers. In higher plants, measurement of total 
organic matter, as indicated by plant weights, is not 
a more reliable measure of photosynthetic activity 
than any of the other products, because the net in- 
crease is the resultant of the photosynthetic process 
minus the respiration process. In this study (fig 1), 
the combined average weights of the plants and fruits 
at the end of 75 weeks of growth were approximately 
10.3 kgm for the “Plus Fe” and 7.6 kgm for the 
“Minus Fe” cultures. The separate average weights 
of the plants were 7.35 kgm and 6.10 kgm and of the 
fruits 2.95 kgm and 1.50 kgm, respectively, for the 
“Plus Fe” and the “Minus Fe” cultures. Hence, plant 
weights were 1.2 and fruit weights 2.0 times as great 
in the “Plus Fe” as in the “Minus Fe” cultures. It 
appears that chlorophyll concentrations were more 
closely related to fruit than to total plant weights or 
to sugar and starch concentrations. 

In view of the overwhelming evidence in favor of 
increased photosynthetic rates with greater chloro- 
phyll concentrations, the lack of a quantitative rela- 
tionship between chlorophyll and sugar or starch con- 
centrations should be attributed to the unsuitability 
of the experimental material for precise control of all 
the processes involved in photosynthesis. 

Willstitter and Stoll (34) observed that the rate 
of photosynthesis as a function of chlorophyll and 
light intensities and temperatures failed to reveal, in 
their measurements of CO, assimilation by higher 
plants, any regular relationship between rate of photo- 
synthesis and chlorophyll content. Emerson (1, 2), 
commenting of the results of Willstiitter and Stoll, 
pointed out that the choice of leaves as material for 
a study of this kind was unfortunate, presumably as 
compared to Chlorella, because of the large number 
of variables introduced. Miiller and Larsen (9) have 


measured twice as high rates of photosynthesis in 
Sinapis alba at 15,000 lux and equal chlorophyll con- 
centrations when the nitrogen content of the leaves 
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was 7 mg than 3.5 mg/50 em?. Pirson (12) obs rved, 
likewise, a nitrate effect on photosynthesis, whic}: was 
not dependent on chlorophyll concentrations, }\y an 
immediate rise in the rate of photosynthesis foli wing 
the addition of nitrate to a nitrate-deficient me:lium, 
Our interpretation of the various manifestations of 
plant activity in relation to chlorophyll or sugar con- 
centrations or to plant and fruit weights is hampered 
by our limited knowledge of the functions of the dif- 
ferent pigments and their associated proteins and of 
other substances in the cell. The recent finding of 
Shemin and his co-workers (16, 35), revealing that 
protoporphyrin IX, the basic structure of the mole- 
cules of chlorophyll, cytochroms, peroxidases, etc., js 
formed in the tricarboxylic acid cycle by the reaction 
of “active” succinate with glycine, show our hereto- 
fore limited knowledge in the generation and opera- 
tion of the photosynthetic system. 

In recapitulation, the effects of partial iron defi- 
ciency, as practiced in the “Minus Fe” cultures, 
caused an intake of one-half as much iron as in the 
“Plus Fe” cultures. Although the differences in the 
concentrations of iron that entered the chlorophyllous 
tissues were great, the absolute amounts were rela- 
tively small. Nevertheless, such differences stimu- 
lated in the “Plus Fe” cultures the production of 
almost twice as great amounts of chlorophyll, carote- 
noids and fruit weights, as in the “Minus Fe”’ cultures. 
Also, nitrate intake, total protein, chloroplastic pro- 
tein and plant weights were, respectively, 1.5, 1.28, 
1.29 and 1.21 times as great in the “Plus Fe” as in the 
“Minus Fe” cultures. The average concentrations of 
total sugars for entire D leaves and starch for entire 
stems were approximately the same for both cultures. 
There were certain differences in the concentrations of 
sugars between the proximal and distal sections of 
leaves, which resulted from different rates of synthesis 
and utilization. 

Although the effects of iron in plant metabolism 
are ascertainable as differences in chlorophyll, carote- 
noids, chloroplastic proteins, etc., the mode of activa- 
tion of this physiological mechanism by iron still re- 
mains a matter for speculation. 

Symptomatologically, the chlorosis resulting from 
partial deficiency of iron or nitrogen is alike, although 
its development in nitrogen deficiency is more exten- 
sive and rapid than in iron deficiency. In both forms 
of chlorosis, the concentrations of chlorophyll are 
quantitatively related to the ones of carotenoids and 
chloroplastic proteins. Likewise, the rates of other 
metabolic activities fluctuated in relation to the con 
centrations of chlorophyll. The results suggest that 
chlorophyll, carotenoids and chloroplastic proteins are 
links in the same physiological system which operates 
by the combined activity of all three components. 


SUMMARY 


Pineapple plants grown in solution cultures with 
ample and low iron, the latter within the limits of 
partial deficiency, contained more chlorophyll and pro- 
duced greater plant and fruit weight in the cultures 
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wit ample than deficient iron. The iron require- 
ments of pineapple plants for chlorophyll synthesis 
were very low. Iron intake and translocation was 
red:iced by phosphate through precipitation. 

‘he symptoms of chlorosis did not differ between 
nitrogen-deficient and iron-deficient plants. During 
nitrogen deficiency, the leaves formed before and dur- 
ing the period of deficiency become chlorotic in varia- 
ble degrees, the former by the breaking down of the 
chloroplasts in a medium lacking new nitrogen sup- 
plies for the regeneration of chloroplastic proteins and 
the latter for their initial formation. In iron defi- 
ciency, only the leaves formed during the deficiency 
period become chlorotic, while those formed previous 
to this period remain relatively green. Chlorosis in 
iron deficient plants develops when there is an inverse 
relationship between the rates of iron intake and 
plant growth. Iron accumulations, resulting long after 
the tissues have undergone functional differentiation, 
were not closely related to chlorophyll concentrations. 
Chlorosis resulting from iron or nitrogen deficiencies 
differed more in extent than in quality. It was more 
extensive and rapid in plants with nitrogen than with 
iron deficiency. 

Chlorophyll, carotenoids and protein increased 
simultaneously in the green leaves of plants with iron 
sufficiency, but decreased in the chlorotic leaves with 
iron deficiency. 

Sugar concentrations in the proximal regions of the 
leaves with meristematic tissues were greater in chlo- 
rotie than in green leaves, because of low sugar utili- 
zation at low growth rates. Plant or fruit growth 
rates were not related to total sugar or starch con- 
centrations. 

Nitrate intake and assimilation was greater in 
ereen than in chlorotic plants and was responsible for 
the greater amounts of total organic-N and protein in 
the former than in the latter. 

Chlorophyll concentrations were correlated with 
the amounts of iron and nitrogen. Plants with ample 
nitrogen contained 1.5 times as much protein and 3.5 
times as much chlorophyll as plants with low nitrogen. 
Chlorophyll concentrations were 2.15 and fruit weights 
2.00 times as great in plants with ample “Plus Fe” as 
in deficient “Minus Fe” cultures. 
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KINETICS OF SULFATE ABSORPTION BY BARLEY ROOTS! 


JAMES E. LEGGETT ann EMANUEL EPSTEIN 
AGRICULTURAL RESEARCH SERVICE, U. S. DEPARTMENT OF AGRICULTURE, 
BELTSVILLE, MARYLAND 


This paper reports the results of short-term experi- 
ments on the absorption, by excised barley roots, of 
sulfate labeled with S*°. The findings are consistent 
with the view that the absorption of sulfate is medi- 
ated by carriers to which the ions are bound in their 
passage across a barrier impermeable to free sulfate 
ions. As regards kinetics and specificity, the results 
are interpreted in terms of the enzyme-kinetic hy- 
pothesis of the operation of carriers, as given by 
Epstein and Hagen (6). 


MATERIALS AND METHODS 


RADIOACTIVE SULFATE: To a 10-ml aliquot of a 
stock solution of K,SO4 was added carrier-free radio- 
sulfate in dilute HCl, obtained from the Oak Ridge 
National Laboratory. The tagged solution was evapo- 
rated to dryness to free it from HCl, made to the 
original volume (10 ml) with water, and added to the 
stock solution of K,SO,4. The specific activity was 
about 2 pe/peq SO. 

SELENATE: Commercially available “CP” potas- 
sium selenate was found to be contaminated with 
selenite. The selenate was reduced to selenium with 
hydroxylamine hydrochloride, the selenium washed, 
dissolved in nitric acid, and after neutralization of the 
solution, oxidized to selenate with bromine, essentially 
aecording to the method of Dennis and Koller (1). The 
stock solution of selenie acid was titrated with stand- 
ard KOH to pH 5.5. The concentration of the stock 
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solution was determined 1) from the amount of KOH 
added, 2) by evaporating an aliquot of the stock solu- 
tion of K,SeO, and weighing the salt, and 3) by re- 
duction of selenate and weighing the selenium, accord- 
ing to Hillebrand, Lundell, Bright, and Hoffman (9). 
The results of all three methods agreed within 2 %. 
Selenite was less—probably much less—than 0.1 per- 
cent of the selenate, on an equivalent basis, according 
to the test of Dennis and Koller (1). 

Assay FoR RaApIOsuLFATE: After an absorption 
experiment, the 1.00-gm (fresh weight) samples of 
excised roots were transferred to 30-ml Pyrex beakers. 
About 3 ml ethyl aleohol, 1 ml 0.1 N K.,SO, (non- 
radioactive), and 1 ml Mg(NOg). reagent (14) were 
added, the solutions evaporated to dryness, and the 
samples ashed overnight at 500°C. The ash was 
moistened, acidified with HCl, and the clear solution 
evaporated to dryness. The chloride salt was dis- 
solved by adding 10 ml 0.35 M acetic acid at about 
70° C. Benzidine sulfate was precipitated by addition 
of 2 ml benzidine reagent (8.0 gm benzidine di-hydro- 
chloride dissolved in 500 ml water containing 5 ml 1 N 
HCl, filtered through #42 Whatman filter paper be- 
fore using). After addition of 4 ml acetone, the 
beakers were tightly covered with aluminum foil and 
placed in the refrigerator at 8° C overnight. The sus- 
pension of benzidine sulfate was filtered, under suc- 
tion, through circles of #1 Whatman filter paper, 
placed in the bottom of %4-ounce seamless tin boxes 
(made by the Buckeye Stamping Company, Columbus, 
Ohio), 3.3 em in diameter and 8 mm deep, the bottom 
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beins perforated by 25 evenly spaced 1 mm holes. The 
beaker and the precipitate on the filter-funnel were 
rins'} with 2 ml cold acetone, whereupon the samples 
were ready for counting. A thin window (2.4 mg/cm?) 
Geiger-Miiller tube and conventional scaling circuit 
were used. Aliquots of the radiosulfate solutions used 
in the experiments were taken through the entire pro- 
cedure outlined above to serve as standards in caleu- 
lating radiosulfate absorbed by the root samples. The 
above method for precipitating benzidine sulfate is a 
modification of that given by Kahn and Leiboff (11). 

[-xcIsED BarLEY Roots: Seeds of barley, var. 
Atlas 46, were germinated and seedlings grown as de- 
seribed earher (5). After soaking in aerated water 
for 24 hours the seeds were planted over an aerated 
solution of Ca(H ,PO4)o, 2x 104+ M, and seedlings 
grown for 5 days, during which time the solution was 
renewed once. During the entire period the plants 
were kept in a dark chamber at 24°C. Just before 
the experiment proper, the roots were rinsed, excised, 
and suspended in 4 liters of water. 

STANDARD EXPERIMENTAL ProcepuRE: The proce- 
dure of conducting the absorption experiments proper 
was essentially as deseribed before (7). Excised roots 
were blotted, 1.00-gm portions weighed out and trans- 
ferred to 100-ml test tubes containing 50 ml water. 
The absorption period was initiated by decanting the 
water and replacing it with 50 ml of the experimental 
solution, adjusted to pH 4.0 unless otherwise stated. 
After the absorption period, the solution was decanted 
and replaced by a solution of non-radioactive CaSO,, 
1 meq/l, or, in some experiments, by water, to free 
the roots of the diffusible fraction of sulfate in the 
“outer” space (5). During both absorption and de- 
sorption periods, the tubes were kept in a water bath 
at 30° C, and the solutions were constantly aerated. 


RESULTS 


Sulfate absorption was influenced by the pH of the 
test solutions. Highest absorption rates were ob- 
served from solutions adjusted to pH 4. The test 
solutions were not buffered, but solutions adjusted to 
pH 4.0 with HCl did not change by more than 0.2 
unit during a 3-hour absorption period. All subse- 
quent experiments were conducted at pH 4. After a 
period of absorption of S*O,4,? the total S*O, within 
the root can be cleanly separated into two fractions, 
1) diffusible and 2) actively absorbed S*O,4. This is 
demonstrated in figure 1. Before zero time, the roots 
were exposed to a solution of K,S*O,, 0.5 meq/I, for 
an absorption period of 60 min. Root samples were 
then blotted, for determination of total labeled sul- 
fate, and others exposed to water or 1 meq/I solutions 
of non-radioactive CaSO, for desorption periods rang- 
ing up to 120 min. A rapid loss of S*O, from the 
roots is followed by a period in which there is no 
further loss of S*O4, either to water or solutions of 
CasO,4. The loss is due to diffusion of S*O, from the 
“outer” space of the tissue, i.e., a space to which inor- 
ganic ions have free and reversible access by diffusion 


* Asterisks indicate radioactive labeling. 
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Fic. 1. Loss of labeled sulfate by excised barley 
roots. Before zero time, the roots had been exposed to 
K.S*O,, 0.5 meq/I, for 60 min. 


(5). The magnitude of the “outer” space, in these 
roots, is 0.23 ml/gm fresh weight (5). The fraction 
remaining after the rapid, initial loss has been ab- 
sorbed by the metabolic, active transport mechanism, 
or in other words, has been transferred to the “inner” 
space. The present paper is concerned with this frac- 
tion only. For routine measurements of “inner” space, 
or actively absorbed sulfate, the roots, after the ab- 
sorption period in S*O, solutions, were exposed to 
solutions of CaSO,, 1 meq/l, for a period of 60 min. 
All subsequent measurements refer to roots freed of 
the diffusible S*O, fraction in this manner. For de- 
terminations of the rate, v, of S*O4 absorption, 3-hr 
absorption periods were used. Absorption was a linear 
function of time, and the 3-hr value gave an adequate 
measurement of the rate of absorption. 

In figure 2, the reciprocal of the absorption rate, 
1/v, has been plotted against the reciprocal of the 
substrate ion (S*O,) concentration, 1/(S) (ef Epstein 
and Hagen, 6). The S*O, concentration, (8S), was 
varied from 0.005 meq/1 to 0.05 meq/]. Straight lines 
were obtained, evidence that the rate, v, of S*O4 ab- 
sorption varied as a function of S*O,4 concentration, 
(S), according to Michaelis-Menten kinetics (13). 
Selenate competitively interfered with S*O4 absorp- 


3 In the earlier experiments on absorption of bromide 
(2), complete removal of the diffusible bromide was not 
essential because the rate of active absorption of bro- 
mide is so high that diffusible bromide remaining in the 
“outer” space of the tissue, after 3 water rinses, repre- 
sents a negligible proportion of the total measured 
uptake. 

4 When amounts absorbed were plotted against time, 
the straight line obtained extrapolated to a positive 
value at zero time, for the higher concentrations used. 
This introduces an error in our rate measurements never 
exceeding 10% of the total measured absorption. The 
nature of the sulfate binding which this value represents 
has not been further investigated. 
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Fic. 3. The effects of nitrate and phosphate; the range of S*O, concentrations was as in figure 2. 
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tion, indicating identical binding sites on the carriers 
for these two ions. Neither nitrate nor phosphate, at 
a concentration of 0.1 meq/I, had a significant effect 
on the rate of S*O, absorption (fig 3). Figure 4 
shows that at S*O4 concentrations in excess of 0.05 
meq/l, approximately, rates of absorption are higher 
than would be expected on the basis of the extrapola- 
tion indicated in figures 2 and 3. 

Viets (18) has shown that calcium ions increase 
the rate of absorption of both monovalent cations and 
anions by excised barley roots. Tanada (16) made 
similar observations in experiments with excised mung 
bean roots, The rate of absorption of S*O4 was mark- 
edly increased by additions of CaCl, to the solution 
(fig 5). At a S*O,4 concentration of 0.5 meq/], maxi- 
mal activation (to 179% of the controls) was ob- 
tained at a CaCl. concentration of 3 meq/l. At 0.05 
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The effect of calcium on the rate of S*0O, 


The effect of selenate; the concentration of S*O, varied over the range 0.01 meq/] to 1 meq/1. 


meq/] S*O4, a CaCl, concentration of 1 meq/| gave 
maximal activation, to 203 % of the control value. 
At higher concentrations of CaCls, the rate of S*O, 
absorption declined somewhat. However, even at the 
highest concentration of CaCl, used, 10 meq/1, uptake 
of S*O, from the 0.05 meq/] solution of S*O,4 was still 
172 % of the control. Under these conditions, the 
ratio Ca/S*O, in the solution was 200/1, on an 
equivalent basis. 
DIscussIoN 

The rate of absorption of sulfate was found to 
depend on the sulfate concentration in the manner 
expected for reactions following classical enzyme ki- 
netics (13), for the concentration range 0.005 meq/] 
to 0.05 meq/l. The implication is that sulfate absorp- 
tion proceeds in three steps (ef Epstein and Hagen, 6): 
1) sulfate ions reversibly combine with reactive sites 
of carriers; 2) the carrier-sulfate complex traverses a 
membrane not permeable to free sulfate ions; 3) sul- 
fate ions are released internally in a rate-limiting, 
essentially irreversible step. 

Absorption of sulfate in the present experiments 
was followed by means of the radioactivity of 5*, 
after exposure of the roots to solutions of K,S*°0O,. 
It is possible, therefore, that a fraction of what has 
here been called, for convenience, “inner” space or 
“absorbed” sulfate was not sulfate at all, but repre- 
sented S** incorporated into organic compounds. How- 
ever, the subsequent fate of sulfate, after its absorp- 
tion, is beyond the scope of this paper, which deals 
only with the rates at which sulfate is actively ab- 
sorbed from the solution. These rate measurements 
lend themselves to interpretations of the mechanism 
of absorption, regardless of the eventual destinations 
of the absorbed sulfur atoms. Kylin (12) has demon- 
strated incorporation of S*5 into organic fractions of 
wheat seedlings. The process was slow compared with 
the rate at which S*O, was absorbed. 

In the earlier experiments on the kinetics and 
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selec’ vity of ion absorption, the substrate ions whose 
rate of absorption was determined were bromide (2, 
3), ribidium (6), and strontium (7), elements not 
normlly present in significant amounts in the roots. 
Such elements were chosen to make sure that the 
meastirements of absorption, made by means of radio- 
active tracing, represented values of net absorption. 
The radioactivity appearing in the roots could not be 
due 1o mere exchange of labeled ions for stable ones 
of the same chemical species initially present in the 
tissuc, without any net change in the concentration of 
that ion in the tissue. Not so in the present instance. 
The measurements of absorption of labeled sulfate re- 
ported here may represent net absorption, or exchange 
with a pool of sulfur so large that the resulting iso- 
topic dilution would render subsequent loss of radio- 
sulfur to solutions of non-radioactive sulfate undetect- 
able by our methods. The possibility of such ex- 
change, emphasized by one of the reviewers of this 
paper, is being investigated. In either case, the ab- 
sorption is an active, metabolic process. It is abolished 
by anaerobic conditions.® 

Interference by other ions with the absorption of 
S*O, was studied by exposing the roots to solutions of 
K,S*O, containing, in addition, the potassium salt of 
the ion whose effect on S*O4 absorption was to be 
investigated. Selenate competed with S*O, (fig 2), 
but phosphate and nitrate were without effect (fig 3). 
The Michaelis constant for S*O4, i.e., the concentra- 
tion giving half the maximal rate obtainable, was 
0.019 meq/l. The calculated value for selenate, from 
the same experiment (fig 2) was 0.015, indicating that 
the affinity of these two ions for their common bind- 
ing site is of the same order of magnitude. 

At S*O,4 concentrations above 0.05 meq/1] approxi- 
mately, the experimental points in the double-recipro- 
eal plot (fig 4) fall below the values expected on the 
basis of the extrapolation indicated in figure 2, i.e., 
rates of absorption are higher than expected. The 
same phenomenon has been observed in absorption of 
rubidium in the presence of sodium (6) and in ab- 
sorption of strontium (7). The implication is that at 
higher concentrations of the ions additional sites are 
involved which differ in their affinities for ions from 
the sites which mediate absorption at the lower con- 
centrations. 

The present demonstration of competition between 
sulfate and selenate for common sites which have little 
or no affinity for other ions (phosphate, nitrate, chlo- 
ride) is the last in a series of investigations which 
have consistently revealed a high degree of specificity 
in the mutual effects of inorganic ions in the absorp- 
tion process. The previous instances were 1) compe- 
tition among potassium, rubidium, and cesium for 
sites having little affinity for sodium and lithium (6) ; 
2) competition among bromide, chloride, and iodide, 
and lack ef competition by nitrate for the halide bind- 


> Recent unpublished experiments by one of us (E. E.) 
indicate that the absorption of S*O,, measured by radio- 
active tracing, represents a net uptake rather than an 
exchange with native, non-radioactive sulfur. 





ing sites (2, 3); 3) competition among calcium, stron- 
tium and barium for binding sites which have but 
little affinity for magnesium ions (7). 

In all these cases, the specificities observed were 
concordant with previous evidence on ion selectivity 
and mutual interferences, as discussed by Epstein (4). 
The same is true in the present instance. Cases of 
sulfate-selenate antagonism have been described for 
wheat (10), corn (17), yeast (8), Chlorella vulgaris 
(15), and Aspergillus niger (19). The specificity of 
the carrier sites of the roots for sulfate and selenate 
is very high. Nitrate and phosphate failed to inter- 
fere with S*O, absorption, although their concentra- 
tion was 0.1 meq/]—20 times the lowest concentration 
of S*O, tested (fig 3). 


SUMMARY 


The absorption, by excised barley roots, of sulfate 
labeled with S*° has been studied in experiments last- 
ing 3 hours. Diffusible labeled sulfate present in the 
tissue at the end of the absorption period was re- 
moved by exposing the roots to solutions of non-radio- 
active sulfate for 1 hour. This procedure leaves for 
final measurement the actively absorbed labeled sul- 
fate only. 

Rates of absorption were highest at pH 4 and the 
experiments reported were done at this pH. The 
rates of sulfate absorption varied in response to the 
external sulfate concentration in a manner consistent 
with the view that the absorption of sulfate involves 
the attachment of the ions to specific sites of carriers. 
Selenate competed with sulfate on approximately even 
terms. Phosphate, nitrate, and chloride had no meas- 
urable affinity for the sulfate-selenate binding sites. 
Calcium increased the rate of sulfate absorption. 
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PLASTID PIGMENT CHANGES IN THE EARLY SEEDLING LEAVES 
OF ZEA MAYS L.! 


ROBERT E. KAY? ann BERNARD PHINNEY 
DEPARTMENT OF BoTANY, UNIVERSITY OF CALIFORNIA, Los ANGELES, CALIFORNIA 


Most publications dealing with the analyses and 
interrelationships of the plastid pigments of maize 
and Avena have been confined to groups of pigments 
rather than specific plastid pigments (3, 4, 5, 13). 
Since the changes in a group of pigments do not 
necessarily reflect the behavior of the individual pig- 
ments, knowledge about the specific pigment changes 
is desirable. 

Moster et al (7, 8) have determined the kinds, as 
well as the amounts, of the major carotenoid pigments 
in young maize plants grown in the light and then 
exposed to different light intensities. However, infor- 
mation is lacking on the development of the specific 
carotenoid pigments in dark-grown corn seedlings and 
in etiolated corn seedlings exposed to light. This 
paper will present information on these subjects. 


METHODS 


All seedlings were planted in quartz sand and grown 
in a constant temperature chamber equipped with fluo- 
rescent lamps. The culture methods, as well as a de- 
scription of the light source and constant temperature 
chamber, have been described (9). 

Leaf samples for analyses were obtained in the fol- 
lowing manner: the second seedling leaf was removed 
from 15 different plants and the 15 leaves divided into 
3 samples of 5 leaves each. Using a steel die, a sec- 
tion 7 by 52 mm was punched from the distal end of 
each leaf. These 5 leaf punches were pooled to form 
one sample. The distal end of the second leaf was 
selected because it was found to be fully expanded at 
the time the analyses were started. Thus the pigment 
content is actually based upon a constant area. How- 


1 Received January 17, 1956. 

2 Present address: Biochemistry Branch, U. 8S. Naval 
Radiological Defense Laboratory, San Francisco, Cali- 
fornia. 


ever, in order to make the units of concentration more 
sasily comparable to values found in the literature, 
all pigment concentrations have been expressed as 
pem/gm of initial dry weight of leaf. This is a valid 
method of expressing the pigment content, since the 
initial dry weights of the leaf sections in the various 
experiments were not significantly different and there 
was less than a 2 % difference between the dry weights 
of leaf sections taken over a 7-day period. 

Determinations of initial dry weights were made 
from material collected 6 days after planting. Three 
collections of 5 leaf punches were made in the same 
manner as collections for pigment analyses. Each 
sample of 5 leaf punches was dried at 75°C for 24 
hours, weighed and the weights averaged to give the 
initial dry weight. 

The carotenoid pigments were extracted and chro- 
matographically separated on magnesia columns using 
methods similar to those employed by Strain (11), 
The leaf samples were immersed in hot water (90 to 
100° C) for 3 minutes and ground in a mortar con- 
taining sand, 15 ml of methanol and 0.1 gm CaCOs. 
The resulting brei was filtered through a medium 
sintered glass filter and the filtrate was transferred to 
a separatory funnel. The chlorophylls were saponi- 
fied by treating the filtrate with 15 ml of methanol 
containing KOH (35 gm/100 ml). Thirty ml of a 
1:1 (v/v) mixture of petroleum ether and ethyl] ether 
was then added to the methanol solution and the mix- 
ture was shaken gently. The carotenoids were trans- 
ferred to the petroleum ether-ethyl ether solution by 
the addition of 25 ml of saturated salt water accom- 
panied by gentle shaking, followed by the addition of 
10 to 20 ml of water with further gentle shaking. The 
methanol-water solution was drained into a second 
separatory funnel, further diluted with saturated salt 
water, and again extracted with 15 ml of a 1:1 mix- 
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ture of petroleum ether and ethyl ether. The petro- 
leum ether-ethyl ether extracts were combined and 
washed 4 times with water. These washings removed 
all traces of methanol and most of the ethyl ether 
leaving the carotenoids dissolved in petroleum ether 
containing a little ethyl ether. The carotenoid pig- 
ments were chromatographically separated by pour- 
ing the petroleum ether solution over a column (130 
mm long and 11 mm in diameter) composed of a 1:1 
(w/w) mixture of magnesia and Hyflo Supercel. A 
yacuum (about 26 em of Hg pressure) was used to 
draw the solvent through the adsorbent. Within 10 
minutes after the petroleum ether solution was poured 
over the column, two well separated colored zones 
appeared. The upper yellow zone consisted of a mix- 
ture of carotenols, while the lower orange zone was 
composed of a mixture of carotenes. Coincident with 
the time that the last of the petroleum ether passed 
into the column, a 2:1 (v/v) mixture of petroleum 
ether and ethyl ether was poured over the column. 
The carotenes passed rapidly (in about 10 min) 
through the column and were collected in the percu- 
late. The perculate, containing the carotenes, was 
evaporated under reduced pressure to dryness and the 
carotenes redissolved in hexane. After prolonged wash- 
ing (90 min) with the petroleum ether-ethyl ether 
solvent the yellow band of carotenols was resolved 
into 5 distinct bands: a yellow band, which extended 
2 mm beneath the surface of the absorbent, a lemon 
yellow band 2 mm in width located about 5 mm be- 
neath the top band, a yellow band 6 mm in width 10 
mm beneath the second band, an orange-yellow band 
20 mm in width 10 mm beneath the third band and a 
yellow band 12 mm in width 5 mm beneath the fourth 
band. Each colored band was cut from the extruded 
column and eluted with 95% ethyl alcohol over a 
sintered glass filter. The filtrates were washed into 
10-mi volumetric flasks, made to volume with 95 % 
ethanol and the absorption spectrum of each pigment 
determined. The absorption spectrum of the pigment 
component eluted from the top yellow band had no 
definite absorption peaks and when this pigment com- 
ponent was readsorbed on a calcium hydroxide col- 
umn and washed with ethyl ether it was resolved into 
5 distinct components. These pigments made up a 
very small part of the total carotenoids and were not 
further investigated. The 4 remaining colored bands 
proved to be single pigments which have been charac- 
terized by Strain (11). These 4 bands in the order 
of their position on the column, starting from the top, 
had properties which were the same as the carotenoids 
neoxanthin, flavoxanthin ec, lutein and violaxanthin b, 
respectively. Readsorption of these pigments upon 
CaCOs, Ca(OH). and/or alumina éolumns followed 
by washing with suitable solvent systems failed to 
reveal any other colored contaminates. 

The orange pigment component that passed com- 
pletely through the magnesia column, and was subse- 
quently dissolved in hexane, exhibited an absorption 
spectrum very much like that of B-carotene. How- 
ever, when this’ pigment component was adsorbed on 








an alumina column and washed with hexane, it was 
resolved into two orange bands. The absorption 
spectra of the upper and lower bands, respectively, 
were found to be identical to the absorption spectra 
reported by Beadle and Zscheile (2) for B-carotene 
and neo-8-carotene isolated from spinach leaves. A 
B-carotene fraction was isolated from fresh spinach 
leaves by the method of Beadle and Zscheile (2) and 
mixed with the carotene fraction obtained from corn 
leaves. When this mixture was chromatographed on 
magnesia and alumina columns, one band was formed 
on the magnesia column and two bands on the alumina 
column. Thus it appears that, in the corn leaves 
studied, the carotene fraction consisted only of B-caro- 
tene and neo-8-carotene. Alpha-carotene was assumed 
not to be present since repeated chromatography of 
the carotene fraction on magnesia, an adsorbent on 
which alpha and beta carotene are easily separated, 
revealed only one band. 

Quantitative spectrophotometric determinations for 
the carotenoid pigments were made immediately fol- 
lowing the isolation of each pigment. A model DU 
Beckman spectrophotometer, supplied with cells hav- 
ing a light path of 1 em, was used to determine the 
absorbance of the pigment solutions. The isolated 
carotenes were made to a volume of 10 ml with hex- 
ane and analyzed as a binary mixture by the method 
of Beadle and Zscheile (2). The other carotenoids 
were each made to a volume of 10 ml with 95 % etha- 
nol and the absorbance of each carotenol solution was 
determined at its respective maximum. Strain’s (11) 
specific absorption coefficients for carotenoids isolated 
from Avena seedlings were used to convert the ab- 
sorbance values to pigment concentration. The ob- 
served maxima were: lutein 4460 A, flavoxanthin 
4500 A, and violaxanthin 4420 A. Strain’s (11) spe- 
cific absorption coefficients at these maxima are: 
lutein 245.5; flavoxanthin 234.5, and violaxanthin 
231.7. Although neoxanthin was isolated, it was diffi- 
cult to elute from the column and, therefore, was not 
determined. It was usually present in about the same 
amount as violaxanthin b. 

The analytical methods used to extract and sepa- 
rate the carotenoid pigments were evaluated by deter- 
mining the percentage recovery of pigments added to 
leaf samples before extraction. The percentage re- 
coveries of the added pigments were: carotenes 96 %, 
lutein 95 %, flavoxanthin 92 % and violaxanthin 93 %. 

A modification of the method of Zscheile and 
Comar (15) was used to extract the chlorophyll pig- 
ments from the leaf material. The sample to be ana- 
lyzed was ground in a mortar containing sand, 0.1 gm 
of caleium carbonate, and 20 ml of a mixture of petro- 
leum ether and methanol (75 to 90% petroleum 
ether). The resulting brei was filtered through a 
medium sintered glass filter and the residue washed 
with methanol until it was white. The filtrate was 
transferred to a separatory funnel and the methanol 
washed out with water. The remainiag petroleum 
ether solution contained the cholorphylls. The entire 
extraction was carried out in diffuse light of 1 fe in- 
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tensity. The chlorophylls were readily separated 
from the carotenoids and resolved into chlorophyll a 
and chlorophyll b by chromatographing the petroleum 
ether solution on a starch column. Chromatographic 
tubes similar to those used by Zechmeister and Chol- 
noky (14) were employed in the preparation of the 
columns and the chromatograms were developed with 
petroleum ether containing 4% ethyl ether. After 
the chlorophylls were separated, the adsorbent was 
removed from the tube and the two chlorophyll bands 
cut out with a sharp scalpel. Each pigment was 
eluted with ethyl ether, the eluate collected in a flask 
and made to a volume of either 10 or 25 ml. The 
absorption spectra of the pigments eluted from the 
two bands were found to correspond very closely to 
those for chlorophyll a, obtained from corn leaves, 
and chlorophyll b, obtained from barley by Zscheile 
and Comar (15). The main absorption peaks for 
chlorophyll a were located at 4300 A and 6650 A; for 
chlorophyll b at 4530 A and 6500 A. 

Quantitative spectrophotometric determinations for 
the chlorophyll pigments were made immediately fol- 
lowing the isolation of each pigment. The concentra- 
tions of the chlorophyll pigments were calculated from 
the absorbance and Zscheile and Comar’s (15) specific 
absorption coefficients. The absorbance of the chloro- 
phyll a solution was determined at 4300 A and that 
of the chlorophyll b solution at 4530 A. Zscheile and 
Comar’s (15) specific absorption coefficient for chloro- 
phyll a at 4300 A is 147 and for chlorophyll b at 
4530 A is 173. 


EXPERIMENTAL 


The changes in the carotenoid pigment content of 
corn seédlings grown in darkness at 25° C were deter- 
mined as a function of time. Daily samples of the 
second seedling leaf were analyzed for carotenoid pig- 
ments from the 6th through the 14th day after plant- 
ing. Three samples, each consisting of 5 leaf punches 
having a total fresh weight of about 0.27 gm, were 
used in each analysis. The data from these analyses 
are shown in figure 1. 

In a second experiment, seedlings were grown in 
the dark at 25° C for 6 days after the time of plant- 
ing the seed. Following the 6-day dark period, the 
seedlings were exposed to continuous light of an aver- 
age intensity of 700 fe. At 0 and 6 hours after expo- 
sure to light and thereafter at daily intervals, 3 leaf 
samples were collected and analyzed for plastid pig- 
ments. Duplicate collections were made. From the 
first collection chlorophyll concentrations were deter- 
mined and from the second carotenoid concentrations. 
The results of the carotenoid analyses are shown in 
figure 2 and those of the chlorophyll analyses in fig- 
ure 3. 


RESULTS 


The data in figure 1 show that lutein is the most 
abundant carotenoid pigment in dark-grown corn 
seedlings and that violaxanthin, flavoxanthin, B-caro- 
tene and neo-@-carotene are present in lesser amounts 
in the order listed. In the dark-grown seedlings the 
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9 10 
DAYS AFTER PLANTING 

Fic. 1. Carotenoid content of dark-grown corn seed- 
lings as a function of time after planting of seed. Corn 
seedlings were germinated and grown in darkness and 
the concentrations of the carotenoid pigments in the sec- 
ond leaf were determined daily from the 6th through 
the 14th day after planting the seed. The means and 
standard errors of the means are plotted. 


concentration of each carotenoid pigment increased 
slightly during the first 3 days of analyses. There- 
after the concentrations decreased, until the final two 
days of the analyses. On the final two days of analy- 
ses the distal portion of the second leaf was brown 
indicating the leaf had begun to deteriorate. 

Since all of the pigments followed similar courses 
of accumulation and loss, the relative concentrations 
of pigments in the dark-grown seedlings did not 
change. However, this was not the case for the pig- 
ments in dark-grown corn seedlings exposed t@ con- 
tinuous light. As the data in figure 2 show, the expo- 
sure of dark-grown corn seedlings to light resulted in 
an immediate decrease in the concentrations of flavo- 
xanthin, violaxanthin and lutein and a rapid increase 
in the concentrations of B-carotene and neo-@-caro- 
tene. The decreases in the concentrations of violaxan- 
thin and lutein were virtually complete by the end of 
the first day, while the decrease in flavoxanthin ex- 
tended over a period of 3 days. The increase in the 
concentration of 8-carotene continued for a period of 
4 days, while the accumulation of neo*Q-carotene was 
























KAY AND PHINNEY—PLASTID PIGMENT CHANGES 229 


complete within 3 days. Initially the concentrations 
of pigments in the dark-grown seedlings in order of 
decreasing amounts were: lutein, violaxanthin, flavo- 
xanthin, $-carotene and neo-8-carotene. However, 
exposure to light altered the order to: B-carotene and 
jutein, neo-B-carotene, flavoxanthin and violaxanthin. 

From the data in figure 3 it is evident that the 
exposure of dark-grown seedlings to light resulted in 
the accumulation of chlorophyll a and chlorophyll b. 
The accumulation of chlorophyll a was very rapid and 
complete within 4 days, while that of chlorophyll b 
was gradual, extending over a period of 5 days. At 
the end of the first 6 hours of exposure to light, the 
ratio of chlorophyll a to chlorophyll b was 37:1. 
Thereafter the ratio decreased and at the end of the 
fourth day was 6:1, a ratio close to that found in 
non-starch forming monocotyledons (10). 


DISCUSSION 


While much information can be obtained about the 
carotenoids by studying them as a group, it is impor- 
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Fic. 2. Carotenoid content of corn seedlings as a 
function of days of exposure to light. Corn seedlings 
were germinated and grown in the dark. Six days after 
planting thé seedlings were exposed to continuous light 
and the concentrations of carotenoid pigments in the 
second leaf were determined at intervals over a 7-day 
period. The means and standard errors of the means 
are plotted. 
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DAYS OF EXPOSURE TO LIGHT 


Fic. 3. Chlorophyll content of corn seedlings as a 
function of days of exposure to light. Corn seedlings 
were germinated and grown in the dark. Six days after 
the time of planting, the seedlings were exposed to con- 
tinuous light and the concentrations of chlorophyll a and 
chlorophyll b were determined at intervals over a 7-day 
period. The means and standard errors of the means 
are plotted. The standard error is not shown when the 
value is less than the vertical dimension of the symbol 
used to indicate the mean value. 


tant that the individual components also be consid- 
ered. The data in the present study indicate that an 
environmental change can affect each component of 
the carotenoids in a different way or to a different 
degree. Thus it is apparent that caution should be 
used in interpreting data obtained from analyzing the 
carotenoids as a group. 

Frank (3, 4) has observed that the exposure of 
dark-grown seedlings to light results in a reduction in 
total carotenoids and the formation of chlorophyll. 
She has suggested that this reduction in carotenoids 
is due to the diversion of carotenoid precursors into 
phytol groups. However, in the present study expo- 
sure of dark-grown seedlings to light did not affect all 
of the carotenoids in the same way. The concentra- 
tion of the carotenes increased while the concentration 
of the carotenols (flavoxanthin, lutein and violaxan- 
thin) decreased. Therefore, if a reduction in carote- 
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noids concomitant with an increase in chlorophyll is 
considered to be the result of a diversion of carote- 
noid precursors to phytol groups, it appears that only 
the carotenol (flavoxanthin, lutein and violaxanthin) 
precursors are diverted into phytol groups. Thus it 
might be more profitable to study the relationship of 
the chlorophylls to the carotenols rather than to the 
total carotenoids (3, 4, 5). 

In a study designed to determine the nature of the 
increase in carotenes induced by exposure of dark- 
grown plants to light, Bandurski (1) isolated the caro- 
tenes from the other carotenoids. From his work on 
the isolated carotene fraction he concluded that the 
rapid synthesis of carotenes is dependent upon the 
availability of photosynthetic products. On the other 
hand, Withrow’s (13) data are at variance with this 
conclusion since they indicate that photosynthetic 
products are not necessary for the production of large 
amounts of carotene. In experiments with bean and 
corn seedlings he found that large amounts of caro- 
tene accumulated when plants were exposed to low 
irradiance at 725 my, a wave length at which no 
chlorophyll was formed and therefore no photosyn- 
thesis possible. However, an examination of With- 
row’s method of extracting carotenes indicates that 
his procedure extracts carotenols as well as carotenes. 
Therefore, his spectrophotometric method of analysis 
measured the carotenoid concentration (carotenols 
plus carotenes) rather than carotene concentration. 
Thus the “carotene” content of his dark-grown corn 
seedlings is 4 times that of our dark-grown plants. 
Since Withrow actually measured carotenoid content, 
his data does not necessarily show that large amounts 
of carotenes are produced in the absence of photosyn- 
thetie products. 

The absence of a-carotene from corn leaves agrees 
with the finding of MacKinney (6), but it does not 
agree with that of Moster (8). The conditions under 
which the plants were grown may be responsible for 
the different results. The environment in which plants 
are grown is undoubtedly responsible for the absence 
of zeaxanthin from corn leaves. In the present study 
seedlings were grown under a light intensity of 700 fe 
and at a temperature of 25° C and no zeaxanthin was 
detected. However, the absence of zeaxanthin was 
not unexpected since Moster (7) has shown that each 
of these conditions is extremely unfavorable for the 
accumulation of zeaxanthin. 

It should be noted that the ratios of carotenoids 
we have found in light-grown corn seedlings, as con- 
trasted to dark-grown corn seedlings, are similar to 
those reported for other monocotyledonous seedlings 
such as barley (12). 


SUMMARY 


A strain of maize (single cross L 289 x L 205) was 
grown under a controlled environment of light and 
temperature. The changes in the concentrations of 
the major carotenoid pigments and in the concentra- 
tion of chlorophylls have been followed for a 7-day 
period, using only the second seedling leaf for the pig- 
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ment analyses. Beta carotene, neo-8-carotene, |itein 
flavoxanthin, violaxanthin, chlorophyll a and chloro. 
phyll b were isolated as separate pigments. In both 
dark-grown and light-grown material, neoxanthin was 
also identified and was present in amounts com»ara- 
ble to that of violaxanthin. However, no a-carotene 
or zeaxanthin was found in the preparations. 

In dark-grown plants lutein was found to be the 
major leaf carotenoid with violaxanthin, flavoxanthin, 
A-carotene and neo-@-carotene present in lesser 
amounts in the order listed. In these plants the con- 
centration of each carotenoid pigment increased dur- 
ing the first 3 days of observation and thereafter it 
decreased. On the other hand, within 6 hours follow- 
ing the illumination of dark-grown seedlings, the con- 
centrations of flavoxanthin, lutein and violaxanthin 
decreased and the concentrations of B-carotene and 
neo-8-carotene increased. After 4 days of exposure 


to light B-carotene and lutein were the most abundant 
carotenoid pigments; while neo-8-carotene, flavoxan- 
thin and violaxanthin were present in lesser amounts, 


LITERATURE CITED 


BanpurskI, R. S. Synthesis of carotenoid pigments 
in detached bean leaves. Bot. Gaz. 111: 95-109, 
1949. 

Beapte, B. W. and Zscueite, F. P. Studies on 
carotenoids. II. The isomerization of beta caro- 
tene and its relation to carotene analyses. Jour. 
Biol. Chem. 144: 21-33. 1942. 

Frank, 8. The relation between carotenoid and 
chlorophyll pigments in Avena coleoptiles. Arch. 
Biochem. 30: 52-61. 1951. 

Frank, S. and Kenney, A. L. 
chlorophyll and carotenoids in 
Federation Proc. 13: 47-48. 1954. 

Frank, S. and Kenney, A. L. Chlorophyll and 
carotenoid destruction in the absence of light in 
seedlings of Zea Mays L. Plant Physiol. 30: 413- 
418. 1955. 

Mackinney, G. Leaf carotenes. 
111: 75-84. 1935. 

Moster, J. B. and QuacKENBUSH, F. W. The effect 
of temperature and light on the carotenoids 6f 
seedlings grown from three corn hybrids. Arch. 
Biochem. Biophys. 38: 297-303. 1952. 

Moster, J. B., QuACKENBUSH, F. W. and Porter, 
J. W. The carotenoids of corn seedlings. Arch. 
Biochem. Biophys. 38: 287-297. 1952. 

PHINNEY, B. O. and Kay, R. E. Interaction of en- 
vironment and genotype in the expressién of a 
virescent gene, pale-yellow-1, of maize. Hilgardia 
23: 185-196. 1954. 

RasinowitcH, E. Photosynthesis and Related Proc- 
esses, vol. I. Pp. 1-599. Interscience Publishers, 
Inc., New York 1945. 

Srrain, H. H. Leaf Xanthophylls. 
Wash. Publ. No. 490. 1938. 

Srrain, H. H. Formation of carotenoids and chloro- 
phylls in etiolated barley seedlings exposed to red 
light. Plant Physiol. 13: 413-418. 1938. 

Wirnrow, R. B., Kremn, W. H., Price, L. and 
Etstap, V. Influence of visible and near infrared 
radiant energy on organ development and _ pig- 


Destruction of 
corn seedlings. 


Jour. Biol. Chem. 


Carnegie Inst. 





KAY AND PHINNEY—PLASTID PIGMENT CHANGES 


ment synthesis in bean and corn. 
28: 1-14. 1953. 

14. ZecHMEIsTER, L. and Cuotnoxy, L. Principles and 
Practice of Chromatography. Pp. 1-362. John 
Wiley and Sons, New York 1948. 


Plant Physiol. 


STUDIES ON 3-INDOLEACETIC ACID METABOLISM. 


231 


15. Zscuete, F. P. and Comar, C. L. Influence of pre- 
parative procedure on the purity of chlorophyll 
components as shown by absorption spectra. Bot. 
Gaz. 102: 463-481. 1941. 


II. SOME PRODUCTS 


OF THE METABOLISM OF EXOGENOUS INDOLEACETIC 
ACID IN PLANT TISSUES?” 


NORMAN E. GOOD, W. A. ANDREAE anp M. W. H. VAN YSSELSTEIN 


Science Service LaporaTory, UNiversity Sus Post Orrice, Lonpon, OnTARIO, CANADA 


It has long been known that indoleacetic acid 
(IAA) is taken up by plants and translocated to vari- 
ous tissues, causing characteristic modifications in the 
pattern of growth. However the fate of IAA in vivo 
has received little attention. This is surprising in that 
IAA and its derivatives are virtually the only mate- 
rials of known chemical constitution which both ex- 
hibit the formative effects of plant growth substances 
and occur naturally in plants. The fact that the con- 
centrations of endogenous IAA are extremely low is 
no doubt in part responsible for the neglect of an im- 
portant field of research. The authors of this paper 
have attempted to overcome the difficulty by supply- 
ing much larger amounts from an ambient solution. 
They are quite aware, however, that the reactions 


associated with relatively high concentrations of ap- 
plied IAA may differ significantly from metabolic 
reactions as they occur in nature. 

Exogenous IAA participates in several biological 


reactions. Plants are known to contain IAA oxidizing 
enzymes and part of the JAA administered to plants 
presumably undergoes oxidative degradation to prod- 
ducts which are no longer growth active (8). Hem- 
berg (3) has noted a rise in “bound auxin” in IAA 
treated corn kernels. Siegel and Galston (6) have 
reported that IAA administered to excised pea roots 
becomes attached to proteins. On the other hand we 
have recently found that IAA administered to pea 
stems is conjugated with aspartic acid (1). The pres- 
ent communication constitutes a report on the exten- 
tion of our investigations to other plant species. 


MATERIALS AND METHODS 


A survey was carried out using 12 plant species 
belonging to 8 families. The following tissues were 
investigated: etiolated coleoptiles of oats, corn and 
barley all harvested just before the emergence of the 
primary leaf; etiolated epicotyls of peas 7 days old; 
etiolated hypocotyls of sunflower, cucumber and buck- 
wheat, 7, 4, and 4 days old respectively; etiolated 
potato sprouts 3 to 5 inches long; stems and petioles 
of greenhouse grown pea, tomato, and cabbage plants. 
Immediately after harvesting, the tissue was weighed 


1 Received October 11, 1955. 

2 Contribution No. 62, Canada Department of Agri- 
culture, Science Service Laboratory, University Sub Post 
Office, London, Ontario, Canada. 


and cut into pieces aproximately 2 inches long. To 
each 100 gms of tissue were added 2 liters of M/60 
sodium dihydrogen phosphate with or without 60 mg 
of IAA? The floating tissue was incubated at 24° C 
for 24 hours in the dark with gentle shaking. After 
this period the tissue was removed, thoroughly washed, 
and frozen at —8° until it could be conveniently ex- 
tracted. The residual IAA in the ambient solutions 
was measured by the acid-ferric chloride (Salkowski) 
method (8) and in some cases the solutions were ether 
extracted and chromatographically analyzed for other 
Salkowski-positive substances. 

To each 150 gm of frozen tissue was added 65 ml 
of 0.3 N sodium bicarbonate solution. The tissue was 
then ground in a Waring blendor and filtered through 
cheese cloth. The resulting brei was saturated with 
ammonium sulfate, infusorial earth was added and the 
precipitated proteins were removed by filtration on a 
Buchner funnel. (The unwashed precipitate from pea 
contained from 10 to 20 % of the Salkowski-positive 
material. However, when the precipitate was thor- 
oughly washed by redissolving it in water and repre- 
cipitating it with ammonium sulphate, practically all 
the Salkowski-positive material was in solution. Since 
the washings contained the same substances as the 
filtrate and in about the same proportions only the 
first filtrates were regularly investigated in this sur- 
vey.) The filtrate (pH about 7.5) was extracted once 
with 100 ml and twice with 50 ml of peroxide-free 
ether, acidified to pH 2.5 with phosphoric acid and 
extracted with ether as before. Then the acidified 
filtrate was extracted with 100, 50 and 20 ml portions 
of 1-butanol. The aqueous residue was by this time 
Salkowski-negative. The acidic extracts were made 
slightly alkaline either with sodium bicarbonate solu- 
tion or with dilute ammonia and taken to dryness, the 


3 Some samples of indoleacetic acid from commercial 
sources are very impure and contain appreciable amounts 
of indoleacetamide and other Salkowski reactive sub- 
stances. The following purification procedure, however, 
has been found to be effective: Commercial IAA is dis- 
solved in water (about 100 ml/gm) containing an excess 
of sodium bicarbonate. The aqueous solution is ex- 
tracted several times with 1-butanol, then several times 
with ether. The dissolved ether is removed by aeration 
and the solution is slowly acidified to pH 3.0 with phos- 
phorie acid. About 70% of the original IAA separates 
on standing as white, flake-like crystals. 
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Fic. 1. Typical chromatograms of extracts of IAA 
treated (T) and untreated (C) plant tissues (sunflower 
hypocotyls) obtained by successive alkaline-ether, acid- 
ether and acid-butanol extractions. East spot represents 
the extract from 3 gm fresh wt of tissues. Chromato- 


gram (A) was developed with an isopropanol-ammonium 
acetate—acetic acid solvent and sprayed with the Ehrlich 
reagent (p-dimethylaminobenzaldehyde-HCl). Chroma- 
tograph (B) was developed with an isopropanol-ammo- 
nia solvent and sprayed with the Ehrlich reagent. 
Chromatogram (C) was developed with the same iso- 


ether extracts in an air stream and the butanw! ex. 
tracts by distillation at reduced pressure. Th sol- 
vent-free residues were taken up in 1.0 ml of <ilute 
aqueous ammonia or bicarbonate solution. An aliquot 
(20 pl) was immediately chromatographed on }aper 
and the remainder was stored at —8° C. 

The concentrated extracts were chromatogr:: hed 
on 15”x 15” sheets of Whatman #1 filter paper for 
16 hours at 24°C, using the ascending solvent ‘ech- 
niques. The principal partitioning solvents were: 

(A) 80 parts of 2-propanol to 20 parts of 8N 
ammonium hydroxide solution (v/v). 

(B) 80 parts of 2-propanol containing 1.25 % 
acetic acid to 20 parts of a 20 % aqueous solution of 
ammonium acetate (v/v). 

Equivalent extracts from the untreated and the 
IAA treated tissues were chromatographed as ad- 
jacent spots. The dried chromatograms were sprayed 
either with a modified Salkowski reagent (0.05 M 
FeCl, in 35 % HCIO,4) or with the Ehrlich reagent 
(1% p-dimethylaminobenzaldehyde in 50% aleohol- 
50 % concentrated HCl). See figure 1. In some cases 
regions on unsprayed chromatograms corresponding 
to the colored regions on sprayed chromatograms were 
eluted with water or dilute aqueous ammonia and re- 
chromatographed. The resulting purified material 
was again eluted, its ultraviolet absorption spectrum 
determined and its hydrolysis products tested for 
IAA, amino acids and other substances. When the 
survey was completed the frozen acid-ether and buta- 
nol extracts were thawed and chromatographed simul- 
taneously (see fig 2). 


RESULTS 


The Salkowski and Ehrlich-reactive IAA deriva- 
tives were similar in the various plants grown under 
different conditions. Figure 1 shows typical chroma- 
tograms of successive extracts, in this case of sun- 
flower hypocotyls. Similar chromatograms were made 
with extracts from each species. Tissues which had 
not been treated with IAA (C) were devoid of Sal- 
kowski-reactive material and the only Ehrlich-positive 
substance, which occurred alike in treated and uné 
treated plants, was tryptophan (spot 5). This was 
true of all 12 plants examined. For purposes of com- 
parison the extracts of the 12 plant species were 
chromatographed together to form the composite pic- 
ture shown in figure 2; space limitation did not permit 
inclusion of the controls. There were 4 major Sal- 
kowski-reactive substances and only these have been 
studied in detail. A description of the ndmerous 
minor components will entail a more intensive study 
of the tissue extracts. 

3-INDOLEACETAMIDE: All the extracts of IAA 


propano!-ammonia solvent but sprayed with the Salkow- 
ski reagent (ferric chloride—perchloric acid). Spot 1 is 
synthetic indoleacetamide, spot 2 is indoleacetic acic 1d 
spot 3 is synthetic indoleacetylaspartic acid, each 0.05 
micromoles. Spot 4 is an unknown acidic substance de- 
scribed in the text, and spot 5 is tryptophan. 
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treated plants, with the possible exception of cucum- 
ber, contained neutral rapid-moving substances chro- 
matographieally identical with 3-indoleacetamide (spot 
1, figs 1 and 2). These materials, like synthetic in- 
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lic. 2. Chromatograms of acid-ether (E) and acid- 
butanol (B) extracts from the IAA treated tissues of 12 
plant species. Each spot represents the extract from 3 
gr fresh wt of tissue. The chromatograms were devel- 
o, -d with an isopropanol-ammonia solvent and sprayed 
with the Ehrlich reagent. Spot 1 is synthetic indole- 
acetamide, spot 2 is indoleacetic acid, and spot 3 is syn- 
thetic indoleacetylaspartic acid, each 0.05 micromoles. 


doleacetamide, gave the purple color typical of IAA 
with the Ehrlich reagent and a slowly developing 
weak color with the Salkowski reagent. A sample 
from corn coleoptiles had the ultraviolet absorption 
spectrum of indole compounds with maxima at 280 
and 288 my. It yielded [AA and ammonia (as deter- 
mined by the Nessler reaction) in approximately equi- 
molar amounts on hydrolysis. Apparently indole- 
acetamide occurs in particularly large amounts in 
IAA treated grasses (fig 2). 

3-INDOLEACETIC Acip: Each extract of IAA treated 
plants contained an acidic substance chromatographi- 
cally identical with IAA (spot 2, figs 1 and 2). 

3-INDOLEACETYLASPARTIC Acip: The acid-ether and 
butanol extracts of all the IAA treated plants con- 
tained a slow-moving acidic substance chromato- 
graphically identical with the indoleacetylaspartic acid 
(spot 3, figs 1 and 2) previously reported in pea (1). 
The earlier report stressed the facts that indoleacetyl- 
aspartic acid was not extracted by ether and that it 
did not occur in barley. Both of these assertions must 
be qualified. Because of its increased acid strength, 
presumably due to the presence of an acylated amino 
group adjacent to one of its carboxyls, indoleacetyl- 
aspartic acid is only extracted by ether from strongly 
acidic solutions (about pH 3.0) and thus can be sepa- 
rated easily from IAA. Moreover indoleacetylaspartic 
acid or some very similar substance does occur in 
barley but in such small amounts that its presence 
was missed until highly concentrated extracts were 
examined (fig 2). 

AN UNweENTIFIED Acipic SuspsTaNce: Another 
acidic material occurred in the acid-ether extracts of 
many IAA treated plants, particularly in the extracts 
of sunflower (spot 4, fig 1C), tomato, bean, cucumber 
and pea. This substance appeared approximately 
midway between IAA and indoleacetylaspartic acid 
on chromatograms developed with the 2-propanol- 
ammonia solvent. There was some evidence that two 
compounds may have been involved since the Ry value 
of the material from sunflower was considerably higher 
than that of the comparable material from cucumber. 
The substance (or substances) gave an immediate 
bright pink or scarlet color with either acid-ferric 
chloride (Salkowski) or acid-nitrite sprays and could 
be readily distinguished from IAA by the speed of the 
color development. It gave a very weak, atypical 
(grey) color with the Ehrlich reagent. Since none of 
it was extracted by ether from weakly basic or neutral 
solutions, it is probably a stronger acid or its salts are 
less soluble in ether than is the case with IAA. The 
undissociated form, however, was almost quantita- 
tively removed by ether from acidified aqueous solu- 
tions. A sample obtained from sunflower hypocotyls 
was unstable to boiling with either acid or base but 
no IAA or other Salkowski-positive material could be 
found after the treatment. The substance could not 
be detected among the products of IAA oxidation 
when the oxidation was brought about enzymatically 
by oxygen or non-enzymatically by perbenzoic acid, 
hypochlorite or permanganate. 
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None of the compounds described above appeared 
in the ambient solution during the incubation of the 
plant tissues and therefore it is unlikely that the me- 
tabolism of inadvertently introduced bacteria could 
have contributed any of these derivatives. 

Relatively little of the IAA lost from solution 
could be found in the tissue extracts by means of the 
color tests used. Table I shows the quantitative dis- 
crepancy between the disappearance of IAA and the 
accumulation of extractable Salkowski-reactive mate- 
rial in the plants. An attempt to identify the missing 
unreactive substances has been made, without success 


TABLE I 


Tue Conversion oF JAA By PLANT TISSUES INTO 
SusstaNces Less CHROMOGENIC WITH 
THE SALKOWSKI REAGENT 








SALKOWSKI DECREASE IN 





COLOR ** SALKOWSKI 
DEVELOPED Loss or REACTION OF 
WITH COMBINED IAA THE AMBIENT 
Tissuz TISSUE EXTRACTS FROM SOLUTION 
AND EXPRESSED THE ACCOU NTED 
AS AMOUNT OF AMBIENT FOR BY THE 
IAA REQUIRED SOLUTION REACTION OF 
TO GIVE THE THE TISSUE 
SAME COLOR EXTRACTS 
mg mg i 
MN wc nkuoces 6 52 11.5 
ae 6 64 9.5 
Oe ones 25 54 45 
re 5 50 10 
See 12.5 70 18 
ee 7 20 3.5 
Tomato ..... 25 15 16.5 
ee 4 34 12 
Cabbage 25 0 (?) ? 
Cucumber ... 1 21 5.0 
Sunflower .... 3 15 20 
4 16 25 


Buckwheat 





The data refer to 150 gm fresh wt of tissue incubated 
for 24 hrs at 24° C in 3 liters of M/60 NaH-.PQ, solution 
containing 90 mg IAA. 

*75 gm fresh wt. 

** TAA in the ambient solution and Salkowski reactive 
materials in the tissue extracts were determined by the 
method of Tang and Bonner (8) except that the read- 
ings were taken 2 hrs after the addition of the Salkowski 
reagent (1). 


to date. Alkaline hydrolysis of the tissue proteins did 
not release [AA or recognizable degradation products. 
Sprays containing nitrous acid, diazotized sulphanilic 
acid, diazotized p-nitroaniline, and 2,4-dinitrophenyl- 
hydrazine did not reveal significant amounts of new 
substances on the chromatograms of tissue extracts. 
Similarly, unspecific oxidants such as ferric chloride— 
ferricyanide mixtures detected only the spots already 
observed with the aid of the conventional indole re- 
agents. However, the precipitated proteins, the aque- 
ous residue after butanol extraction and the ambient 
solution have not yet been examined for Salkowski- 
and Ehrlich-negative [AA derivatives. It would seem 
that the investigation of these more elusive substances 


must await the development of improved methods for 
their detection. 


DISCUSSION 


It is not known which compounds derived from 
exogenous IAA are also formed from endogenous | AA 
and consequently the pertinence of our observations 
to the problems of the normal metabolism of plant 
growth hormones has not been established. (ther 
workers have reported a number of Salkowski-reac- 
tive substances from plant extracts. Among these 
were indoleacetic acid (2), indolepyruvie acid (7), the 
ethyl ester of indoleacetic acid (5), and indoleacetoni- 
trile (4). Indoleacetylaspartic acid and indoleaceta- 
mide have not yet been reported as naturally occur- 
ring and judging by the published information there 
is no reason to believe that they have been encoun- 
tered without being recognized. 

In spite of the large number of Salkowski-positive 
substances found in the treated tissues (at least 7 in 
sunflower) most of the IAA lost from the ambient 
solution was converted into Salkowski- and Ehrlich- 
negative substances, or at least, into substances which 
give very much weaker colors with both these re- 
agents. Since the Ehrlich reagent as used in the ex- 
periments reacts fairly generally with 3-substituted 
indoles, it is probable that the degradation involves 
an early ring cleavage. Radioactive indoleacetic acid 
with C!4 in the aromatic nucleus is being synthesized 
and will be employed in future studies to locate these 
less easily recognized substances. 


SUMMARY 


Tissues from twelve plant species have been incu- 
bated with indoleacetic acid. Extracts of these tissues 
have been examined for IAA derivatives. 

A large number of substances which give charac- 
teristic colors with the Salkowski or Ehrlich reagents 
were found in all the IAA treated tissues. Those 
occurring most generally and in largest amounts were, 
on the basis of chromatographic behavior and _ hy- 
drolysis products, indoleacetamide, unchanged indole- 
acetic acid, and indoleacetylaspartie acid. An uns 
known acidie compound which reacts with the Sal- 
kowski reagent but not with the Ehrlich reagent 
occurred in several plants. 

No convincing qualitative differences in the prod- 
ucts of IAA metabolism were noted among the plants 
investigated. However, indoleacetamide predominated 
in the grasses and indoleacetylaspartic acid predomi- 
nated in the legumes and in onion. 

Most of the indoleacetic acid which disappeared 
could not. be accounted for by substances reacting 
with either of the reagents. 
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Ill. THE UPTAKE OF 


3-INDOLEACETIC ACID BY PEA EPICOTYLS AND ITS CONVERSION 
TO 3-INDOLEACETYLASPARTIC ACID 1!? 


W. A. ANDREAE anp M. W. H. VAN YSSELSTEIN 


ScieNce Service Lasporatory, CANADA DEPARTMENT OF AGRICULTURE, 
University Sus Post Orrice, LonpoN, ONTARIO 


In two earlier publications (2, 5) it was reported 
that 3-indoleacetic acid (IAA) administered to plant 
tissues is taken up and converted in part to deriva- 
tives which still give positive Salkowski (acid-FeCl,) 
reactions. The two major derivatives which react 
with this reagent were identified as 3-indoleacetyl- 
aspartic acid and 3-indoleacetamide. Indoleacetamide 
predominates in grasses while indoleacetylaspartic acid 
is by far the most abundant Salkowski reactive de- 
rivative accumulating in legumes. 

The present paper deals with factors affecting the 
uptake of TAA and its conversion to Salkowski reac- 
tive derivatives in pea epicotyls. Paper chromato- 
graphic studies have shown that indoleacetylaspartic 
acid represents about 90 % of the Salkowski reactive 
IAA derivatives and consequently the present study 
is essentially one of the formation of indoleacetyl- 
aspartic acid. In this investigation IAA and indole- 
acetylaspartie acid were estimated independently by 
extracting lyophilized tissues with ether; indoleacetyl- 
aspartic acid, which is insoluble in ether under these 
conditions was then extracted with bicarbonate solu- 
tion, leaving a Salkowski unreactive residue. For the 
sake of convenience, the Salkowski positive materials 
in the ether and bicarbonate fractions will be referred 
to as “ITAA” and “indoleacetylaspartic acid” respec- 
tively although in fact both fractions also contained 
small amounts of unknown IAA derivatives. The pro- 
cedure used was not sensitive enough to detect the 
IAA and other Salkowski positive materials which 
occur naturally in the tissues. 


MATERIALS AND METHODS 


Pea epicotyl sections were obtained from Alaska 
peas grown on vermiculite in the dark at 27° C (80° F) 


1 Received January 24, 1956. 

“Contribution No. 64, Science Service Laboratory, 
Canada Agriculture, University Sub Post Office, London, 
Ontario. 


and 80% relative humidity, exposed to red light for 
2 hours on the 6th day and harvested on the seventh. 
The epicotyls, with their terminal buds removed, were 
cut into approximately 2-inch sections and 10-gram 
lots were floated on 500 ml of M/60 NaH.PO, solu- 
tion containing varying amounts of IAA. The pH of 
the ambient solution was about 4.6. The suspended 
epicotyls were shaken in the dark at room tempera- 
ture for intervals of varying duration. Before and 
after incubation 1-ml aliquots were removed from the 
ambient solution and treated with 4 ml of the Sal- 
kowski reagent (0.001 M FeCl in 14 N H,SO,). After 
20 minutes the intensity of the pink color was deter- 
mined photometrically as described by Tang and 
Bonner (9). 

After incubation with IAA the tisues were removed 
from the solution and washed with water. In some 
experiments they were then immediately frozen and 
lyophilized; in other experiments the tissues were 
placed for various intervals of time on glass plates in 
an atmosphere saturated with water vapor in the dark 
at room temperature after which they were frozen 
and lyophilized. 

In both eases the lyophilized epicotyls were weighed 
and ground in a Wiley mill to pass a 40-mesh sieve. 
Two-hundred-milligram aliquots of the dry powder 
were then extracted 4 times with 5 ml of water-satu- 
rated, peroxide-free ether. The ether extracts were 
combined, filtered, evaporated to dryness and taken up 
in 2 ml of 0.1N NaHCOs;. To 1 ml of the concen- 
trated extract was added 4 ml of the Salkowski re- 
agent and the intensity of the color formed deter- 
mined as described above. The powder, after ether 
extraction, was suspended in 4 ml of 0.1N NaHCO ; 
overnight at 5° C and then centrifuged. To 1 ml of 
the supernatant solution were added 4 ml of Sal- 
kowski reagent and the intensity of the mauve color 
characteristic of the Salkowski reaction with indole- 
acetylaspartie acid was determined except that the 
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readings were taken after 2 hours, at which time the 
color had reached maximum intensity. It was found 
that the Salkowski color of indoleacetylaspartic acid 
after 2 hours was only 2/3 the intensity .of an equi- 
molar IAA solution read after 20 minutes. The 
colored indoleacetylaspartic acid—Salkowski complex 
obeys Beer’s Law up to about 0.2 micromoles. 


EXPERIMENTAL RESULTS 


THE Recovery oF AppED JAA AND INDOLEACETYL- 
ASPARTIC ACID FROM THE Tissues: A preliminary 
study was carried out to determine the recovery of 
added IAA and indoleacetylaspartic acid from pea 
epicotyl material by the method described above. 
This was investigated in the following manner: to 
200-mg samples of tissue powder was added 3 ml of 
dry acetone containing IAA and indoleacetylaspartic 
acid or both (table I). The samples were taken to 
dryness under vacuum at room temperature, extracted 
first with ether and afterwards with sodium bicarbon- 
ate solution and the extracts analyzed for IAA and 
indoleacetylaspartic acid. To study the interference 
by the plant extracts in the photometric analysis, 
ether and bicarbonate extracts of the lyophilized 
powder were similarly fortified with various concen- 
trations of IAA and indoleacetylaspartic acid, and the 
intensity of the color after addition of the Salkowski 
reagent was determined (fig 1). 

Table I indicates that IAA and indoleacetylaspartic 
acid added to tissue powder can be completely sepa- 
rated from each other by ether and bicarbonate ex- 
traction; no detectable IAA being found in the bicar- 
bonate fraction or indoleacetylaspartic acid in the 
ether. The values obtained for IAA, however, were 
about 70 % of the amount of IAA added whether IAA 


TABLE [I 


Recovery or Appep JAA AND INDOLEACETYLASPARTIC ACID 
FROM LYOPHILIZED Pea Epicory: Powper sy ETHER 
AND BICARBONATE EXTRACTION 





ETHER BICARBONATE 








ADDENDA EXTRACTION EXTRACTION 
To 200 MG — 
TISSUE POWDER Founb RE- FounpD RE- 
MOLES x 10° MOLES COVERED MOLES COVERED 
x 10° %e x 10° N 
IAA 
3.44 2.24 67 0 
1.72 1.30 76 0 
0.86 0.56 65 0 
Indoleacetylaspartic acid 
8.4 0 oe 4.02 48 
42 0 35 261 62 
$1 0 1.54 73 


IAA + Indoleacetylaspartic acid 
1.72 TIAA+42 


indoleacetyl- - 
aspartic acid 1.22 70 3.02 72 





The results represent the means of 3 determinations. 
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Fic. 1. The effect of pea epicotyl extracts on the 
color development of IAA and indoleacetylaspartic acid 
with the Salkowski reagent. To 1 ml of solution con- 
taining IAA and indoleacetylaspartic acid at various 
concentrations (Curves A) or to 1 ml of ether-bicarbon- 
ate or bicarbonate extracts of 200 mg pea powder forti- 
fied with IAA or indoleacetylaspartic acid (Curves B) 
was added 4 ml of Salkowski reagent and the resulting 
colors measured in a Klett-Summerson colorimeter at 
540 my after 20 min (IAA) or 2 hrs (indoleacetylaspartic 

acid). 


was added to the tissue powder before extraction or 
to the extract of the powder (fig 1). This indicates 
that the lower values found were caused by the extrac- 
tion of substances which interfere with the Salkowski 
color development rather than by an incomplete ex- 
traction of the IAA. In the case of indoleacetyl- 
aspartic acid, the values found were about 60% of 
the amount added when the lower concentrations were 
used, while with the highest concentration the re- 
covery was only about 50%. These low values ap- 
pear to be due to two factors, one being the extraction 
from the powder of bicarbonate soluble materials (fig 
1) which imparted a turbidity to the extract on the 
addition of the Salkowski reagent thus interfering 
with the photometric analysis. The other factor was 
incomplete recovery of the indoleacetylaspartic acid 
from the lyophilized powder; however, since two bi- 
carbonate extractions failed to give better recoveries 
than one, only one extraction was used in routine 
experimental analysis. The IAA and _ indoleacetyl- 
aspartic acid concentrations in the following experi- 
ments are reported as those found; no corrections for 
incomplete recoveries were applied. 

In subsequent experiments the tissues were immedi- 
ately killed by briefly boiling in bicarbonate solution 
and ground in a Waring blendor. The brei was then 
saturated with ammonium sulfate and filtered. The 
values for the IAA extracted from the acidified filtrate 
(pH 4.5) by ether and for the indoleacetylaspartic 
acid remaining in the bicarbonate solution were about 
30 % higher than those obtained by the procedure 
described above. However, data obtained by either 
method presented the same general picture of IAA 
metabolism. 
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Yue EFFECT OF THE CONCENTRATION OF APPLIED 
IA\ oN THE AccuUMULATION oF IAA AND INDOLE- 
ACETYLASPARTIC ACID IN THE TISSUES: Pea epicotyl 
sections were floated on 500 ml of M/60 NaH»,PO, 
solutions containing from 0 to 3.4x 104 MIAA. After 
24 hours gentle shaking in the dark, the tissues and 
ambient solutions were analyzed for IAA and indole- 
acetvlaspartie acid. The results are shown in figure 2. 
The amount of IAA disappearing from solution de- 
pended upon the concentration of IAA applied; the 
loss increased most rapidly with increasing concentra- 
tions up to 0.75x 104+ M. When the concentration of 
applied IAA was below about 0.5 x 10+ M very little 
or no free IAA could be detected in the tissues. Above 
this concentration, IAA did accumulate and above 
1.0x 104M the content in the tissues rose rapidly 
with increasing concentrations of IAA in solution. 
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Fig. 2. The effect of the concenfration of applied 
IAA on its loss from solution, its accumulation in the 
tissues, and its conjugation with aspartic acid. Tissues 
were incubated in varying concentrations of IAA for 24 
hrs as described in the text. The ambient solution and 
lyophilized tissues were then analyzed for IAA and in- 
doleacetylaspartic acid. The vertical lines in the figure 
represent twice the standard error of the mean of 4 
experiments. 
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Fic. 3. The time course of the accumulation of IAA 
and indoleacetylaspartic acid in pea epicotyls. Tissues 
10*M IAA for 24 hrs in the 
presence or absence of oxygen. The solutions and tis- 
sues were analyzed at various intervals for IAA and 
indoleacetylaspartic acid. The vertical lines in the fig- 
ure represent twice the standard error of the mean of 4 


were incubated in 1.72 » 


experiments. 


When the tissues were bathed in solutions containing 
more than 1.5x 10M IAA, the concentration of 
IAA found in the tissues was about the same as that 
in solution. Indoleacetylaspartic acid, on the other 
hand, increased rapidly in the tissues with increasing 
concentrations of applied IAA up to 0.75x 104M. 
It then increased more slowly to a maximum value 
which was attained when the external IAA was about 
1.0x104M. At all concentrations the total IAA and 
indoleacetylaspartic acid in the tissues could account 
for only about 20% of the IAA disappearing from 
solution. Hydrolysis of the ether and bicarbonate 
extracts with 6 N NaOH for 3 hours did not result in 
the appearance of IAA which could not be accounted 
for by the hydrolysis of Salkowski reactive deriva- 
tives. No IAA could be observed in the ether and 
bicarbonate extracted residues hydrolyzed under the 
same condition. 

THE TIME CouRSE OF THE ACCUMULATION OF IAA 
AND INDOLEACETYLASPARTIC ACID IN THE TISSUES: 
Pea epicotyl sections were floated on 500 ml of M/60 
NaH,PO, solutions containing 1.72 x 10¢ M IAA for 
periods of 2, 4, 8, 16 and 24 hours in air at room tem- 
perature. Parallel experiments were carried out under 
nitrogen. At the end of the incubation period, the 
ambient solutions and tissues were analyzed for IAA 
and indoleacetylaspartic acid. The results are shown 
in figure 3. The IAA content of the tissues rapidly 
rose during the first 4 hours and only slightly there- 
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after while the indoleacetylaspartic acid formation in 
the tissues proceeded at a constant rate of about 0.119 
micromoles per 10 grams of tissue per hour. The loss 
of IAA from solution continued over the entire experi- 
mental period at a slightly decreasing rate which was 
again about 5 times the rate of the appearance of 
Salkowski reactive materials in the tissues. Increas- 
ing the area of cut surface by slitting the sections 
lengthwise had little effect on the loss of IAA from 
solution. In the absence of oxygen there was no loss 
of IAA from solution and no evidence of IAA and 
indoleacetylaspartic acid in the tissues. 

THE CONVERSION OF INTERNAL IAA TO INDOLE- 
ACETYLASPARTIC AcIpD: Pea epicotyl sections were 
fortified with IAA by floating them on 500 ml of 
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Fic. 4. The conversion of internal IAA to indole- 
acetylaspartic acid. Tissues were incubated in 500 ml of 
M/60 NaH-2PQ, containing 1.72 x 10*M IAA for 16 hrs 
after which they were transferred to a moist chamber in 
presence or absence of air and analyzed after various 
intervals for IAA and indoleacetylaspartic acid. The 
vertical lines in the figure represent twice the standard 
error of the mean of 4 experiments. 


M/60 NaHs,PO, solutions containing 1.72 x 10-*M 
IAA for 16 hours after which they were washed and 
placed on glass plates in a chamber saturated with 
water vapor. The IAA and indoleacetylaspartie acid 
contents of tissue aliquots were determined at the end 
of the pretreatment and at intervals throughout the 
subsequent incubation in the moist chamber. The re- 
sults are shown in figure 4. At the end of IAA incu- 
bation period, both IAA and indoleacetylaspartie acid 
were present in the tissues. After removal from the 
IAA solution and incubation in water saturated air 
the IAA content of the tissues declined until it could 
no longer be measured, while the Salkowski reactive 
IAA derivatives, which by chromatographic analysis 
were found to consist almost entirely of indoleacetyl- 
aspartic acid, appeared in the tissues in amounts ap- 
proximately equal to the IAA lost. Once formed, the 
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indoleacetylaspartic acid was stable over the ex erij- 
mental period. 

In an atmosphere of nitrogen, there was no lo-s of 
IAA and no disappearance or formation of inole- 
acetylaspartic acid. 

Essentially the same results were obtained i: in- 
stead of first incubating for 16 hours with IAA, the 
tissues were infiltrated with solutions containing \! /60 
Na HPO, and IAA under vacuum for 30 minutes. In 
this case the pretreatment period was so short that no 
indoleacetylaspartic acid could be detected at the end. 
However, incubation in a moist chamber for 24 hours 
resulted again in an almost quantitative conversion of 
IAA into indoleacetylaspartic acid. : 


DIscussION 

Because of the limitations of the analytical method 
the results on changes in the IAA and indoleacetyl- 
aspartic acid content of the epicotyl sections must be 
regarded as indicating trends rather than as repre- 
senting absolute values. The absolute values would 
probably be about 30 % higher for IAA and from 40 
to 50 % higher for indoleacetylaspartie acid. 

In the course of these studies it was observed that 
the fate of IAA applied externally to tissues differed 
from that of IAA which was already in the tissues. 
When IAA was taken up from solution only about 
20% of the IAA which disappeared from solution 
could be accounted for as Salkowski reactive material 
in the tissues. These substances were chiefly IAA and 
indoleacetylaspartic acid. Their relative amounts de- 
pended upon the concentration of applied IAA, very 
little or no free IAA being detected when low concen- 
trations were used. At higher concentrations, when 
the rate of indoleacetylaspartic acid formation became 
maximal, free IAA appeared in the tissues. On the 
other hand, when tissues fortified by a preliminary 
incubation with IAA were incubated in a moist cham- 
ber, nearly all the free [AA which disappeared from 
the tissues could be accounted for as indoleacetyl- 
aspartic acid. 

How can these observations on the metabolism of 
IAA accumulated in the tissues be reconciled with the 
fate of IAA applied externally? It has been shown 
that the loss of IAA from solution is associated with 
the presence of the tissues. On removal of the tissues 
the disappearance of IAA ceased and therefore it is 
unlikely that IAA was destroyed by microorganisms 
or extracellular enzymes (5). It is possible that the 
major part of the IAA is converted during its pas- 
sage into the cytoplasm into Salkowski unreactive 
substances, while only a fraction of the IAA actually 
enters the part of the cell where it is conjugated with 
aspartic acid. It is known that some metabolic activi- 
ties are localized in discrete parts of the cell; some 
enzyme systems being associated with the cell surface, 
others with the particulate or the soluble constituents 
of the cell. A further possibility is that various tis- 
sues of the pea epicotyl react with IAA in different 
ways, certain tissues converting it to Salkowski unre- 
active derivatives as rapidly as it enters them, while 
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oth-r tissues principally conjugate it with aspartic 
aci’. Such different metabolic responses to IAA 
mig!:t well explain the different physiological responses 
of vurious tissues to this auxin. 

in any case it seems that free IAA accumulates in 
tissues only at the sites concerned chiefly with its con- 
jugation; otherwise subsequent incubation would re- 
sult in destruction. Moreover free IAA accumulates 
only when the rate of entry exceeds the rates of 
conjugation. 

The uptake of [AA by pea epicotyls under the 
conditions investigated is wholly dependent upon aer- 
obic respiration, none being detected under nitrogen. 
This is in contrast to Sutter’s (8) and Albaum’s (1) 
conclusions, based on studies with Cucumis hypocotyls 
and Nitella cells respectively, that uptake is a simple 
diffusion process. It also differs from Reinhold’s find- 
ings (6) on the uptake of IAA by carrot sections in 
which two processes, one physical and one metabolic, 
appear to operate. However the concentrations of 
[AA used by Reinhold (6) and by Albaum et al (1) 
were much greater than those used in the present 
work. 

As yet little can be said regarding the metabolic 
activities involved in the conversion of IAA to Sal- 
kowski reactive and unreactive derivatives by the tis- 
sues. The mechanism of formation of indoleacetyl- 
aspartic acid appears to be linked to respiration as it 
ceases in absence of oxygen. It is possible that the 
reaction may require the intermediate formation of an 
indoleacetyl-coenzyme A thioester which then reacts 
with aspartic acid to give indoleacetylaspartic acid 
by a process analogous to the formation of hippuric 
acid (4). 

Since there was no evidence of the formation of a 
Salkowski reactice protein complex of the type found 
by Siegel and Galston (7) in pea roots and since no 
IAA appeared on alkaline hydrolysis of the ether ex- 
tracts, the bicarbonate extracts or the tissue residues 
(except that accounted for by the known Salkowski 
reactive derivatives) it would seem that the most of 
the IAA which disappeared from solution was de- 
graded, perhaps through the IAA oxidase system. It 
should be noted that if “bound auxin” is any com- 
pound in which IAA is combined with another mole- 
cule then indoleacetylaspartic acid much be regarded 
as bound auxin. It does not, however, correspond to 
the “auxin precursor” of Avery (3) in corn endosperm 
in which the IAA was released by very mild hydroly- 
sis at pH 9 to 10 for 15 minutes at 100° C, conditions 
which have no hydrolytic action on indoleacetyl- 
aspartic acid. 

The significance of these results in relation to 
growth cannot be evaluated at this stage as both elon- 
gating and non-elongating portions of the epicotyls 
were used in the studies. The correlation shown in 
figure 5 between the concentration of applied IAA 
which brings about maximum slit pea curvature, the 
concentrations which result in the maximal rate of 
indoleacetylaspartic acid formation and the concen- 
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Fic. 5. The effect of the concentration of applied 
IAA on slit pea curvature and on the accumulation of 
IAA and of indoleacetylaspartic acid in pea epicotyls. 
The slit pea curvature test (4 replications) was carried 
out as described by Thimann and Schneider (10). The 
values for IAA and indoleacetylaspartic acid are those 
of figure 2. 


tration which initiates the appearance of free IAA 
may therefore be fortuitous especially as the tissues 
were incubated in water solutions of IAA for the 
curvature studies and in M/60 NaH.PO, for studies 
on IAA uptake. However, if a similar relationship 
can also be demonstrated in elongating pea epicotyl 
sections, this correlation would lend support to the 
earlier suggestions (2) that the formation of indole- 
acetylaspartie acid (which has little biological activity 
when applied to pea epicotyls although this may 
possibly be due to failure to enter the tissues) is a 
detoxication process, the overloading of which pro- 
duces deleterious effects. 


SUMMARY 


When pea epicotyls were incubated in IAA solu- 
tions containing M/60 NaH,PO, about 20 % of the 
IAA disappearing from solution could be accounted 
for as Salkowski reactive substances in the tissues. 
These substances were mainly IAA and indoleacetyl- 
aspartic acid and their relative amounts depended on 
the concentration of IAA applied. If, however, tis- 
sues pretreated with IAA were placed in a moist 
chamber, practically all the IAA was converted into 
indoleacetylaspartic acid. Both the uptake of IAA 
and the formation of indoleacetylaspartie acid are aer- 
obie processes. The observations on IAA uptake and 
metabolism are discussed in relation to their implica- 
tions on IAA induced growth. . 


The authors wish to thank Dr. Norman E. Good 
for helpful discussions of the work and for synthesis 
of the indoleacetylaspartic acid. 
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WAX DEPOSITS ON LEAF SURFACES? 


R. H. SCHIEFERSTEIN anv W. E. LOOMIS 
DEPARTMENT OF Botany, Iowa State CoLLece, AMEs, Iowa 


In an earlier paper, Mueller, Carr and Loomis (8) 
published details of an adaptation of the double- 
replica technique (12) for studying plant surfaces, 
and particularly for studying wax deposits on leaves. 
Surface waxes on plants may be of economic interest 
as industrial products, and they interfere with the 
adherence and penetration of various spray materials. 

A number of theories of the nature of wax deposits 
on plants and of the method of their formation have 
been advanced since DeBary’s early work (2). Kreger 
(5) reviewed the literature on wax to 1948, and pub- 
lished extensive studies of wax structure, as deter- 
mined by x-ray diffraction. ~He considered the wax 
to be excreted in a liquid form, which hardens and 
partially crystallizes on the surface. Several investi- 
gators (1, 3, 9, 13, 14) have reported what they con- 
sidered to be very fine canals through the cuticle of 
wax-forming leaves. Others (4, 7) have failed to find 
evidence of such canals. 

Mueller et al (8) followed the development of wax 
on the leaf of Musa sp. and found no evidence of 
liquid wax. They observed pits in the cuticle that 
had a distribution similar to that of. the wax columns, 
which may have been the openings previously con- 
sidered to be canals. There was, however, no evidence 


1 Received February 9, 1956. 
2 Journal paper No. J-2909 of the Iowa Agricultural 
Experiment Station, Ames, Iowa; projects 944 and 1139. 


that these pits extended through the cuticle. They 
concluded that wax is extruded as a softened paste 
under some pressure, and that this extrusion may be 
through the apparently intact wall and cuticle. 
Linskens (6) studied dynamic contact angles’ of 
water and leaf surfaces as a quantitative measure of 
surface wetting; with an angle of zero for a com- 
pletely wettable surface and an agle of 180° for a 
non-wettable surface. He obtained contact angles for 
several plant species. It may be noted from his re- 
sults that all but one of the species known to be wax- 
bearing had contact angles greater than 120°, con- 
trasted to angles of less than 80° for plants that do 
not normally show surface wax. Mueller et al (8) 
demonstrated that the concentration of wetting agent 
required to give complete surface wetting decreases 
with weathering of the surface wax.’ It is this effect 
of surface wax upon wetting that becomes economi- 
cally important in the use of herbicidal, insecticidal, 
fungicidal, and nutritional sprays on plants. 


MATERIALS AND METHODS 


Seedlings of corn (Zea Mays, single cross var. 
WF9 x M14) were used for a study of the effect of 
environment and age of leaves on wax deposits. 
Plants were started and grown in 4 environments: 
(a) 20° C in darkness, (b) 30° C in darkness, (c) an 
average of 25°C in daylight, and (d) of 20°C with 


Fic. 1. Surface of embryonic leaf excised from the coleoptile; thin fibro-granular layer of pectins with a few 
fibrils of cellulose showing through. 
Fic. 2. Cuticle formation well advanced and beginning of wax extrusion in leaf just emerging from the cole- 


optile; plant grown in darkness at 30° C. 
Fic. 3. 
Fic. 
Fic. 
Fic. 


Slightly later stage than figure 2; plant in greenhouse at about 25° C. 

Soft wax on expanding leaf grown at 20° C in darkness. 

High, rather sparse wax bodies on fully grown primary leaf at 30° C in darkness. 

Same as figure 5, but 20° C in darkness; wax appears softer and is scattered in smaller bodies. 
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Fics. 1 to 6. Wax formation on primary leaves of Zea Mays. All magnifications approximately 14,000 diam. 
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Fics. 7 to 9. Regeneration of wax on growing leaf of Brassica oleracea. Figure 7, 12,000 x; figures 8 and 9, 5,600 x. 








SCHIEFERSTEIN 


high humidity and low light. Replicas were made 
from the primary leaves at 4 stages: 1) when the leaf 
was <till in the coleoptile, 2) as it broke through the 
coleoptile, 3) leaf unrolled but still expanding, and 4) 
leaf just mature. 

The regeneration of wax was studied on the leaves 
of cabbage (Brassica oleracea var. capitata). Uni- 
form young leaves 1.5 inches (2.25 cm) in diameter 
were wiped with dry cotton to remove most of the 
Leaves were harvested and replicas made at 
Com- 


wax. 
one or two day intervals following treatment. 
parable studies were made on senile leaves. 

Isolated cuticle samples were prepared by incu- 
bating epidermal peels from Agave sp. in an aqueous 
solution containing 3 enzymes; 0.2 % partially puri- 
fied pectinase, plus 0.2 % partially purified hemi-cellu- 
lase, and 0.5 % crude cellulase. The reaction mixture 
was incubated at 30° C with constant agitation for 5 
days. The cuticle was then washed and replicas of 
the two surfaces were made in the usual manner. 

An RCA, type EMU, electron microscope with a 
50-kv potential was used for this study. Specimens 
were shadow-cast with gold at an angle of about 14°. 
Exposures were made at magnifications of 1,500 x to 
18,000 x on medium contrast, 2x 10-inch Kodak lan- 
tern slide plates. Unit sized intermediate negatives 
were made on Kodak Super Panchro-Press, Type B 
sheet film, and final prints were enlarged to give 
magnifications approximately twice the original. The 
plates are reduced slightly from the prints. 


EXPERIMENTAL RESULTS 


No wax was present on the corn leaves excised 
from the intact coleoptile (fig 1), and the cuticle was 
in an early stage of development, as shown by its tex- 
ture and by the cellulose fibrils that may be seen in 
the surface. No pits of the type found on Musa sp. 
and cabbage (8) were observed on corn at any stage 
of development. Wax appeared as the leaves broke 
through the coleoptile (fig 2), and development of the 
cuticle was proceeding rapidly. The wax was not 
crystalline at this stage, but it could have been either 
a thick liquid or a paste. Wax formation showed more 
variation with environmental conditions in stages 3, 
expanding, and 4, mature primary leaves. Wax ap- 
peared more solid in greenhouse plants (fig 3), and as 
though a soft material had been smeared in making 
the replicas when leaves were taken from the dark- 
grown plants (fig 4). The greatest difference shown 
at maturity was between 30° in darkness (fig 5) and 
20° under the same conditions (fig 6). The wax 





Fie. 7. Wax on undisturbed young leaf. 
Fic. 8. Wax removed by wiping with dry cotton. 
Fic. 9. Somewhat sparse wax deposits on wiped leaf 2 weeks after treatment. 


Fics. 10 to 12. Pits on leaves. 


AND LOOMIS—WAX DEPOSITS 


243 


formed at the higher temperature appeared firmer, 
and occurred in more scattered, much higher aggre- 
gates. Wax shown in figure 5 resembles that usually 
found on corn. Firmer wax at a higher temperature 
could be due to drying of a soft paste or to chemical 
changes in the wax molecules. Sugar supplies from 
the endosperm appeared to have been adequate in all 
of these seedling plants, since light and darkness did 
not cause significant changes in quantity or arrange- 
ment of wax. 

In a study of the entire corn plant at silking, it 
was found that only the first 5 or 6 and possibly the 
uppermost 2 leaves developed surface wax while no 
wax could be observed on the central leaves. What 
may have been wax on the uppermost leaves was not 
as extensive as that on the lower leaves and had a 
much different appearance. These results did not 
appear to be an environmental effect. 

Regeneration of wax was demonstrated on growing 
cabbage leaves. Figure 7 shows a check leaf as it ap- 
peared before dewaxing. Figure 8 shows a leaf that 
had just been dewaxed by rubbing with dry cotton. 
The granular appearance is not due entirely to shadow 
casting and suggests a smear of wax over the surface. 
Figure 9 shows the appearance of a similar leaf 14 
days after dewaxing. No significant change was ob- 
served after this date. Total wax on the wiped leaves 
at the end of the experiment appeared to be less than 
that on the final checks by about the quantity re- 
moved in wiping. These results suggest that surface 
wax is excreted on this plant at a rather uniform rate 
for a period of perhaps two weeks, and that excretion 
is then stopped. This hypothesis was supported by 
tests with mature, older leaves. Such leaves showed 
no regeneration of wax. 

MeErtHop or Wax Extrusion: Most writers on the 
subject of wax extrusion have either claimed to ob- 
serve canals through the wall and cuticle, or have 
assumed their presence. We have been unable to find 
any trace of wax canals through the walls, either be- 
fore or after wax deposition. Mueller et al (8) ob- 
served shallow pits on the leaves of Musa before wax 
extrusion started. Extrusion was in part near, but 
not in, the pits, and in part independent of them. 
Removal of wax from older leaves with wax solvents 
exposed unchanged pits but showed no breaks in the 
smooth cuticle where wax might have been extruded. 
We have repeated this work with cabbage. Our ma- 
terial showed shallow pits in groups (fig 10) when the 
wax was removed with cold xylene-chloroform mix- 
ture. There is no evidence that these are more than 





Figure 10, 26,000 x; figure 11, 3,000 x; figure 12, 36,000 x. 


Fic. 10. Pits on cabbage leaf after removing wax with solvent; both groups and small scattered pits were 


observed. 
Fig. 11. 

vertical walls of epidermal cells. 
Fig. 12. 


Lower side of surface layer removed from Agave sp. by a pectinase-cellulase treatment; ridges are 


Small pits in the inner surface of the epidermal wall shown in figure 11. 
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13 to 18. Miscellaneous. All 14,000x except figure 18, 5,600 x. 
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surface pits with a well developed cuticle in the bottom. 

In repeated tests we have never observed such pits 
on leaves of corn, so their presence is not required for 
surface wax formation. Corn leaves showing heavy 
wax deposits were refluxed for 2 hours in xylene- 
chloroform. Replicas of these leaves showed only a 
slight roughening of the smooth cuticle, and no evi- 
dence of canals or pits. These results show chemical 
differences between wax and cuticle, and indicate that 
a cuticle is formed under the wax deposits, presuma- 
bly after extrusion. 

Orgell (11) has published a method for isolating 
cuticle from leaves by enzyme action. When a mixed 
pectinase-cellulase enzyme was used on the epidermis 
of Agave sp. a fairly heavy, tough layer was sepa- 
rated out. A replica of the inner surface of the iso- 
lated layer is shown in figure 11. All of our tests 
indicated that the layer shown in the figure was the 
intact upper epidermal wall rather than the separated 
cuticle. Since this material had survived after 5 days 
of pectinase-cellulase treatment, it may be assumed 
that the entire wall had been impregnated with waxy 
or cutinaceous materials. It was interesting to note 
pits on the lower surface of this wall (fig 12) which 
were duplicates of those observed upon the outer sur- 
face of intact, dewaxed leaves. The cuticle of young 
cabbage leaves was removed in small, thin flakes by 
boiling in ethanolamine, a pectin solvent. This sepa- 
ration was not possible in older leaves, suggesting wax 
deposition between the cuticle and the underlying 
cellulase. 

Wax DEposITION AND EPIDERMAL GRowTH: Muel- 
ler et al (8) observed that the distribution of wax 
deposits on cabbage leaves was approximately constant 
while the leaves increased some 1200 in area, sug- 
gesting that new wax deposits are interposed between 
the older as the epidermal cells expand. Observations 
on corn leaves indicate another possible explanation 
of this distribution. Replicas of young, expanding 
primary leaves of corn showed definite bands of non- 
crystalline wax at the outer margins of the epidermal 
cells (fig 13). These bands were not observed on 
mature leaves, where the typical crystalline structure 
(ef fig 5) was continuous over the leaf. Figure 13 
suggests that the upper walls of the epidermal cells 
grow from the margins only, and that wax deposits 
are laid during this period of local wall growth. Thus 
there would be no further change in the central wax 
deposits, because the cell does not grow in this area. 
Evidence of undifferentiated cuticle at the cell boun- 
daries of a nonwaxy leaf of Convolvulus arvensis is 
shown in figure 14. The work on regeneration of wax 
in cabbage indicates that wax deposition continues for 
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a longer period in this plant than is indicated for 
corn, but the same sequence of the initial establish- 
ment of a wax pattern which is not dispersed by 
growth is still possible. Since cell elongation in cotton 
has been shown to occur in a group of somewhat im- 
mature cellulose micro-fibrils (10), such a localization 
of enlargement might be expected to occur. 

Wax PatrTeRNs: Closely related plants usually 
have similar wax patterns, but the patterns are some- 
times very different, even between species of the same 
genus. Most grasses had a wax pattern similar to 
that of the lower leaves of corn (fig 5). This was not 
true of Setaria lutescens (fig 15), but was of S. faberii 
and S. viridis. Panicum capillare alone of the grasses 
studied showed no surface wax. The legumes as a 
group had a wax pattern typified by that of Glycine 
Maz (fig 16). Polygonum aviculare had a wax pat- 
tern almost identical with that of the legumes. This 
was the only one of the several members of the Poly- 
gonaceae studied that showed surface wax. The sur- 
face patterns found on different species varied widely. 
It is suggested that the wax pattern depends upon the 
structure of the cuticle, the pathway of wax through 
the cuticle, and the chemical constituents of the wax. 
Two leaves on which wax has not been observed are 
shown in figures 17 and 18. Folding of the cuticle is 
common in mature leaves of many species, and sug- 
gests that the primary cuticle is a very thin layer. 
Folding was observed on both waxy and nonwaxy 
leaves. A list of the leaves that have been studied is 
given below with a classification on the basis of the 
presence or absence of surface wax. 

Species on which surface wax has or has not been 
observed: 


WAX-BEARING NON WAX-BEARING 


Zea Mays 

Setaria faberii 
Setaria viridis 
Setaria lutescens 
Digitaria sanguinalis 
Saccharum officinarum 
Amaryllis vittata 
Brassica oleracea 
Nicotiana glauca 
Glycine Max 
Trifolium repens 
Trifolium pratense 
Melilotus alba 
Pisum sativum 
Lathyrus odoratus 
Polygonum aviculare 
Berberis thunbergit 
Lonicera sp. 

Musa sp. 


Panicum capillare 
Solanum rostratum 
Solanum nigrum 
Solanum tuberosum 
Lycopersicum esculentum 
Petunia violacea 
Nicotiana Tabacum 
Gossypium hirsutum 
Ambrosia trifida 
Ambrosia elatior 
Polygonum persicaria 
Xanthium sp. 
Ipomoea purpurea 
Convolvulus arvensis 
Cirstum arvense 
Cirsium vulgare 
Plantago lanceolata 
Plantago major , 
Asplenium nidus 


Fig. 13. Zones over and on either side of vertical epidermal cell wall; considered to be possible regions of cell 


enlargement in these growing cells. 
Fig. 14. 
Fig. 15. 
Fic. 16. 
Fic. 17. 
Fig. 18. 


Wax pattern on leaf of Setaria lutescens. 


“Growing” zone on small leaf of Convolvulus arvensis. 


Wax pattern on Glycine Maz; typical of legumes. 
Folded cuticle and ahsence of wax on mature leaf of Cirsium vulgare. 
Stomate and folded cuticle on wax-free leaf of cotton, Gossypium hirsutum. 
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WaAX-BEARING NON WAX-BEARING 


Rosa carolina 

Kalanchoé pinnata 
Kalanchoé marmorata 
Tropaeolum majus 

Aloe sp. 

Agave sp. 

Picea pungens 
Mesembryanthemum lingua 
Peperomia sp. 


Mesembryanthemum cordi- 
folium 


DISCUSSION 


Surface wax deposits of various semi-crystalline or 
amorphous structure have been observed on about 
half of the leaves studied. There is no clear-cut corre- 
lation between surface wax and xeromorphic adapta- 
tion, so that the presence or absence of wax appears 
to be of doubtful survival value. This is to say that 
a continuous cuticular layer, rather than scattered 
surface wax deposits, is the major factor in water 
conservation by epidermal cells. 
~ Surface wax appears to be deposited only on young 

leaves, and essentially only during or shortly after the 
period of leaf expansion. Deposition is probably re- 
lated to the development and solidification of the 
cuticular layer. Since we have been unable to find 
any evidence of wax channels, or any residual effect 
of the passage of the wax through the wall and cuti- 
cle, extrusion must be in the form of a soft paste or a 
semi-liquid; such extrusion ending when the wall, the 
cuticle, or both, become so solidified as to stop move- 
ment of this type. We consider it significant in this 
connection that a smooth, apparently uniform cuticle 
is formed under the heaviest surface wax deposits. 
The probability that wax formation may continue in 
older leaves, with the later formed material intruded 
into the cellulose wall below the cuticle, is being in- 
vestigated. Evidence for such intrusion is given by 
the fact that the cuticle of a young cabbage leaf could 
be removed in flakes by cooking with ethanolamine, 
while that of an older leaf could not. 
_— We visualize the formation of what we term the 
primary cuticle as the flooding of a thin layer of pec- 
tin on the outer surface of the epidermis with a sub- 
stance analogous to a drying oil. The solidification of 
this material forms the primary cuticle as a very thin 
layer. Such a layer may still be effective in conserv- 
ing water if it is continuous and sufficiently imperme- 
able to water. Since the cuticle of young leaves is 
normally more pervious to water than that of older 
leaves, one or both of these conditions may develop 
slowly. We consider that the final hardening of the 
primary cuticle represents the termination of surface 
wax extrusion. Further wax deposits could then form 
below the cuticle or be intruded into the cellulose at 
any level. Presumably the development of the very 
thick cuticular layers characteristic of some leaves is 
due to the deposition of cutin, wax or a mixture of 
these substances on the under surface of the primary 
cuticle. These secondary layers may actually resem- 
ble annual growth layers in some perennial leaves. 

Although a smooth cutin layer in mature cuticle 


may be effective in reducing cuticular transpir .tioy. 
it does not compare with surface wax in re-\-ting 
wetting by sprays with a high surface tension. Wax 
deposits will thus have an economic interest the 
application of herbicides and other sprays, and «in be 
a major factor in the differences in spray retention 
that are sometimes utilized in selective herbicidal 
action, with mustard in peas, for example. 

The suggestion that the upper walls of epidermal 
cells grow from the margins merits further attertion. 
Considerations of both the mechanism of cell enlarge- 
ment (10) and of the greater susceptibility of young 
leaves to herbicidal sprays are involved. If an imma- 
ture zone around the margins of the expanding epi- 
dermal cells is responsible for a major portion oi! the 
greater susceptibility of young leaves to herbicides, 
there should be a sharp reduction in susceptibility 
with the end of growth in any given leaf. 


SUMMARY 


Electronmicrographs are shown which depict the 
development of the cuticle and the deposition of sur- 
face wax on the primary leaves of maize seedlings. 
There is no evidence of the formation of permanent 
or semi-permanent wax canals during deposition. The 
removal of wax deposits from older leaves exposes a 
smooth, uniform cuticle beneath the wax. Wax extru- 
sion continued for some days in growing cabbage 
leaves but was not demonstrable in mature, older 
leaves. 

Wax patterns on growing leaves suggest that the 
upper wall of epidermal cells enlarges at the cell mar- 
gins. Possibly the greater susceptibility of growing 
leaves to herbicides is related to a permeable, imma- 
ture zone in the cuticle through which the herbicide 
can penetrate rapidly. 

A total of 48 plant species has been examined. 
Although some of these were selected because they 
appeared to be wax-bearing, only 28 of the species 
showed surface wax deposits. Such wax deposits do 
not appear to play an important role in the water 
economy and survival of the plant. They do, how- 
ever, reduce the retention of sprays on leaves, and 
thus affect the action of herbicidal and other sprays. 


We are indebted to Messrs. G. L. Cowgill and 
M. D. Blue for technical assistance in the operation of 
the electron microscope. 
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THE PHYSICAL NATURE OF TRANSPIRATIONAL PULL! 


J. LEVITT 


DEPARTMENT OF BoraNy, UNIversity or Missouri, CotumsiA, Missouri 


Though there seems to be rather general agree- 
ment (with few exceptions?) among plant psysiolo- 
gists that the Cohesion Theory of the ascent of sap 
best agrees with the known facts, the nature of the 
initiating force is not so generally agreed upon. Con- 
sequently, to be on the safe side, it is usually referred 
to as the “transpirational pull,” without attempting 
to explain the physical basis of this “pull.” In most 
modern texts, an attempt has been made to relate it 
to diffusion. Thus, according to Meyer and Ander- 
son (6): 


Within the lamina of the leaf, gradients of diffusion 
pressure deficits, gradually increasing in magnitude from 
cell to cell in the direction in which water is moving are 
established between the xylem ducts and the cells from 
which evaporation is occurring. Water therefore moves 
from a given vessel or tracheid into adjacent cells, which 
results in the development of a tension in the water 
column occupying that element of the xylem. 


The same concept, in different words, is to be 
found in Curtis and Clark (4), Bonner and Galston 
(2), and even Maximov (5). This implies that the 
transpirational pull really involves a push in the top 
fraction of a millimeter of the column (from the top 
of the xylem through the living cells, to the evapora- 
tion surface of the mesophyll cells) which initiates a 
pull below it. Thus the cohesive force would be re- 
sponsible for the rise of the whole column except this 
uppermost fraction of a millimeter. 

This would also mean that the cohesive pull is 
initiated not at the water surface, but somewhere 
back of this—in other words, instead of raising itself 
by hanging on to the inner surface of the cell wall, 
the column would have to pull itself up by its own 
bootstraps! It is difficult to understand the popu- 
larity of this theory. It certainly does not follow the 
principle of Occam’s razor since it replaces a simple 
concept by a complex one. Furthermore, the As- 
kenasy experiment cannot be explained in this way 
since no living cells are involved. In this case, at 
least, the pull must be initiated right at the surface, 
rather than a fraction of a millimeter below, a fact 
that is recognized by Meyer and Anderson. 

The usual point of view seems to be that if the 
diffusion gradient is in the right direction, then dif- 
fusion must account for whatever flow that occurs. 
Actually, what must be demonstrated is that the rate 
of diffusion of the water in the liquid state from the 
vessels to the mesophyll cells is adequate to keep up 
with the rate of diffusion of the water vapor from the 
mesophyll cells into the air. This point can be 


1 Received November 2, 1953. 
2 See Scholander et al (9). 
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cleared up by a consideration of Fick’s law ©: dif- 
fusion: 
s C,-Co 
=Da 
t x 





where s = amount of substance diffusing 
t = time 
D = coefficient of diffusion 
a=area across which diffusion is occurring 
C, = higher concentration 
C, = lower concentration 
x= distance separating C, from Cy 
The question now is, whether or not the ratio s/t for 
the diffusing water vapor is of the same order as s/t 
for the diffusing liquid water—i.e., it is required to 
prove that 
s/t (water vapor) 
s/t (liquid water) 





is of the order of 1 in a transpiring leaf, in which 
rate of water loss from the leaf is just compensated 
by rate of water intake. 
Let us assume a commonly found set of conditions: 
a turgid plant with open stomata in an atmosphere of 
60 % relative humidity, the mesophyll cells having an 
osmotic potential of 15 atms and maintaining their 
turgor unchanged (i.e., rate of water absorption by 
mesophyll cells=rate of water loss). The problem 
can be broken down into four parts. 
a) What is the ratio 
D (water vapor) , 
D (liquid water) © 
The coefficient of diffusion of water vapor is 0.22 
em2/sec, the value for liquid water is of the order of 
2.2x 10 em?/sec, assuming that it is about the same 
as that for the physically similar HCl in water (see 
International Critical Tables). Therefore 
D (water vapor) _ 


D (liquid H,O) 
b) What is the ratio 
C, —C, (water vapor) , 
C, — Cg (liquid water) ~ 
The actual concentrations of the liquid and gaseous 
water cannot be determined, but the quantity that is 
more important in diffusion—the activities—can be 
indirectly measured by means of the osmotic quanti- 
ties which are related to the activities of the water 
molecules. 
Since the mesophyll cells have an osmotic potential 
of 15 atms, their relative humidity is about 99 %, or 
39 % above that of the atmosphere. C,-C, (water 
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vapor) is therefore about 600 atms (since 1 % r-h. is 
equivalent to about 15 atms). Since the mesophyll 
cells are turgid, C, - Cy (liquid water) is less than the 
difference between the osmotic potential of the meso- 
phyll cells and that of the vessel sap. It therefore 
cannot be more than about 10 atms. Therefore 
C,-C, (water vapor) 600 _ 
C, —Cz (liquid water) 10 
c) What is the ratio 
x (water vapor) , 
x (liquid water) © 





60 


Since C, (water vapor) is taken as the concentra- 
tion at the surface of the mesophyll cells and Cy as 
that in the external atmosphere, x (water vapor) will 
be the shortest distance between the mesophyll cells 
and the external atmosphere. This must be the dis- 
tance from the surface of the mesophyll cells adjacent 
to the substomatal cavity to the outer surface of the 
leaf (or a little above it). Again, since C, (liquid 
water) is that of the vessel sap, and Cz (liquid water) 
that of these same mesophyll cells adjacent to the 
substomatal cavity, x (liquid water) will be the dis- 
tance across the cells between these two—a distance 
at least as great as the above which is equivalent to 
about two cells. Therefore 


x (water vapor) 
x (liquid water) 
d) What is 


= 1 (app.) 








a (water vapor) , 
a (liquid water) © 
Since a is the area across which diffusion is occur- 
ring, a (water vapor) for a single leaf must be equal 
to the total stomatal area of that leaf and a (liquid 
water) the total area of the vessels in the leaf at right 
angles to the direction of flow to the stomata. Since, 
however, we are dealing with small apertures in both 
cases, the diffusion rate is proportional to the perime- 
ters rather than the areas. This means that the effec- 
tive area for diffusion of the water vapor is the whole 
surface of the leaf. Since the effective area for diffu- 
sion of the liquid water cannot be any greater than 
this, the ratio 


a (water vapor) 
a (liquid water) 





= 1 (at the least) 


Therefore, from a), b), c), and d), 
s/t (water vapor) 
s/t (liquid water) 





= 10*x60x1x1=6x 105 


We are forced to conclude, then; that the rate of 
diffusion of water vapor from the leaf into an atmos- 
phere of 60 % relative humidity is at the very least 
600,000 x the rate of diffusion of the liquid water from 
the vessels to the mesophyll cells in a normal, turgid, 
leaf with open stomata and with an osmotic potential 
of 15 atms in the mesophyll cells. And this does not 
take into account the retarding ‘effect of the plasma 





membrane on the diffusion of water through the living 
cells. 

The diffusion of water in the liquid state is obvi- 
ously far too slow to play any role whatever in the 
ascent of sap from the vascular stream to the meso- 
phyll cell surface. Perhaps the main reason for sug- 
gesting this concept is the idea that surface forces are 
inadequate. Thus Preston (8) states: 


No mention need therefore be made here either of 
the conception of atmospheric pressure as the driving 
pressure (since trees are often higher than the barometer 
column in water) or of surface tension. 


Even physics texts sometimes give the same im- 
pression. In his discussion of capillarity Stewart (11) 
states: 

Strictly speaking, the water is not lifted by the sur- 
face film. The upward force of the film causes a de- 
crease in the pressure under the surface; above the sur- 
face the pressure is that of the atmosphere. Hence in 
the liquid under the film the pressure will be less than 
the atmospheric pressure, and the liquid will be forced 
up by the pressure on the outside of the tube. 


On this basis, the maximum height attainable due 
to capillarity is 30 ft (i., that due to atmospheric 
pressure). That surface forces are able to exceed this 
has long been known from the Askenasy experiment. 
In fact, if this concept were correct, no capillary rise 
could occur in a vacuum (a point that is very easily 
disproved). 

Similarly, Adam (1) states that 

The liquid is not pulled up the tube by a hypotheti- 
cal surface tension pulling on the walls, as is suggested 
by the explanation found in so many elementary text- 
books—it has never been made clear what is the hook 
on the wall to which this “surface tension” attaches 
itself, nor how the hook contrives to move up the tube 
in advance of the rising meniscus. ... the pressure dif- 
ference follows from the free energy resident in the sur- 
face, and the liquid then flows up the tube under the 
hydrostatic pressure. 

Older physics texts do seem to recognize that sur- 
face tension may cause a capillary rise above that due 
to atmospheric pressure alone. Thus, Millikan (7) 
states: 

Hence, unless the ratio of the cohesion to the ad- 
hesion exceeds a certain limit, a thin film of the liquid 
must spread indefinitely over the surface of the solid. 


Perhaps the only modern physiology text that con- 
siders the transpirational pull to be a surface force is 
that by Thomas (12). Crafts et al (3) clearly con- 
nect the two. 

As Millikan points out, the capillary force is de- 
pendent on and even initiated by the adhesion between 
the liquid and the walls of the capillary tube. In the 
case of the evaporating surface of the mesophyll cells, 
this adhesive force would be the imbibitional force of 
the cell wall. That this force is adequate to account 
for the ascent of sap is obvious from the fact that 
imbibition pressures of as high as about 1000 atms 
have been measured (Shull, 10). Furthermore, this 















pressure rises rapidly with dehydration of the cell 
wall, and would therefore increase the tension as the 
transpiration exceeded the absorption rate. 

Thus a consistent concept of the Cohesion Theory 
requires that the initiating (adhesive or imbibitional) 
force is located at the evaporating surface and that 
the cohesive force is transmitted from here all the 
way back through the living leaf cells to the vestel, 
down the vessels to the living root cells, all the way to 
the soil particle in contact with the absorbing root 
surface. 

The process can be visualized on a molecular basis 
something as follows. The cell wall particles are all 
hydrated. If some water molecules evaporate from 
the particles at the outer surface of the mesophyll cell 
walls, these particles will attract water with a greater 
adsorptive force than the ones directly below them 
and will therefore adsorb some water molecules from 
them. Due to the cohesion of the water molecules, 
this will result in a rise of the column as a whole (if 
the force is large enough to overcome the gravitational 
and frictional forces). 

Curtis and Clark (4) have objected to this concept 
from another point of view. By use of Poiseuille’s 
Law, they have concluded that the force required to 
move water through the pores in the cell wall would 
require 100,000 atms for pores 0.1 yw in diameter. 
That their conclusion is in error can be demonstrated 
by use of a Seitz filter. With less than an atmosphere 
pressure, it is possible to obtain a flow through one of 
_ these filters at least 100 times as rapid as that due to 
transpiration from a leaf of equal area, though the 
pores are small enough to hold back organisms of 
about 0.1 » in diameter. 

Curtis and Clark’s reasoning is based on the 
“assumption that a head of water of 1 m supplies 
water fast enough to supply the leaves when the ves- 
sels are 0.1 mm in diameter.” In other words, they 
are assuming that the capillaries extend the whole 
length of the plant. But, if the limiting capillaries 
are simply those in the wall of a mesophyll cell, the 
length may be the thickness of the wall or about 1 p— 
i.e., 10-7 times the length of the vessels in a plant 
10 m high. Since the Px L, the minimum pressure 
needed to initiate a flow through 0.1 » pores in a 
mesophyll cell wall would be only 0.01 atm instead of 
100,000 atms. 

The calculations for a leaf can be readily made. 
According to Poiseuille’s Law: 


P= 8 Vnl 


art 





where P = difference in pressure at the two ends of the 
tube 
V = volume flowing out of tube in unit time 
n= 0.01 poise for water 
1= length of the tube 
r= radius of the tube 


The main basis of Curtis and Clark’s argument is 
that P«(l/rt). But this is counteracted by the ex- 
tremely small value of V for a single pore (or, put in 
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another way, the very large number of pores invoiv ed). 
Thus V = volume moving through 1 pore 


_ volume moving through 1 leaf 





number of pores per leaf 


Let us assume a) the extraordinary rate of nity 
for transpiration (1 ml/em*xhr). In egs units this 
becomes (1/3600 ml) /(em? x sec). Let us also assume 
b) that the number of pores per leaf = total cel! sur- 
face/2 x the area of a single pore (i.e., that hal! the 
cell surface is pores), and c) that the cells are sj heri- 
eal. Actually the cells are irregular and have much 
more specific surface than this, but the error wiil be 
approximately canceled by the fact that the cell are 
in contact for part of their surface and, therefore, the 
whole surface is not available for evaporation. 

From the above assumptions, the total cell surface 
= leaf volume times specific cell surface 

3 x leaf vol 
" r 

The number of pores (assumption b), if the area of 

one pore is 1 y? or 10-8 cm?, 
3 x leaf vol 1 1.5 
S samen —— XK ——___——_ = —__ 
r 2x10° 10°r 
:. V (moving through 1 pore) 
1/3600 10%r V/ 
= —_____ = —— _ ml /sec 
1.5/10-8r 5400 

If we assume the length of the pore = 10 times the 

radius (e.g., 1 » long and 0.1 pw radius), 


p- 8 x (10-8r/5400) x 10-° x 10r 


wrt al ge ee 
0.5 x 10-12 
——", 


dynes/cem? 





If the pores are 0.1 » in radius (half the radius 
assumed by Curtis and Clark, 


| 0.5 x 10-2 
(10-5) 
= 0.5 x 10°? dynes/em? 
= 0.5 x 10-8 atms. 


This value is, of course, only an approximation 
based on assumptions that greatly simplify the situ- 
ation. However, the errors tend to cancel each other 
out and even if the assumptions led to an appreciable 
error, the value would still be insignificant. Even 
rough calculations readily reveal that the pressure 
required to produce the flow must be insignificant, for 
pure water moving under its own weight flows through 
the finest filter paper at a much more rapid rate per 
unit area than its most rapid loss from a leaf by 
transpiration—even when it covers the filter paper by 
a layer only 1 mm thick. Since the volume of water 
on each em? is then only 0.1 ml, the pressure due to 
the weight of the water is 100 dynes/em? = 10+ atm. 
Yet the pores of the finest filter paper are small 








i 2m 3S ted BA. oe 


oe 2 & Gm ttn 


ne ne colt Be ek oe eek |e oe 








ed). 


nity 
this 
ime 
sur- 
the 
eri- 
uch 
| be 
are 
the 


‘ace 


l of 


the 


ius 


on 
er 
dle 
en 
‘or 
oh 


er 


by 


all 








BRIEF 





enough to hold back the smallest bacteria, and the 
distance 1 is at least 100 times greater than that of the 
cell wall’s pores. 


SUMMARY 


1. Physiology texts state that the “transpirational 
pull” initiates the ascent of sap by means of a diffu- 
sion of liquid water from the top of the vessels in the 
leaf to the evaporating surface of the mesophyll cells. 
This concept is shown to be impossible because under 
commonly found conditions, the diffusion rate of the 
water vapor may be 600,000 times that of the liquid 
water. 

2. The objection of Curtis and Clark that it would 
require a pressure of 100,000 atms to produce a flow 
through the microcapillaries of the cell wall is also 
shown to be in error. Actually, less than 0.5 x 10-8 
atms would be needed. 

3. A consistent and physically sound theory of the 
ascent of sap is possible only if it is assumed that sur- 
face tension forces initiate the rise—i.e., that the 
adhesive (imbibitional) forces are increased at the 
surface due to evaporation and this causes the rise of 
the whole column due to cohesion between the water 
molecules. 
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EFFECT OF RIBONUCLEASE ON SALT ABSORPTION BY EXCISED 
MUNG BEAN ROOTS? 


T. TANADA 
Som aNp Water CoNsERVATION RESEARCH BRANCH, AGRICULTURAL RESEARCH SERVICE, 
U. S. DEPARTMENT OF AGRICULTURE, BELTSVILLE, MARYLAND 


The transport of ions into plant root cells is gen- 
erally believed to be by means of ion-binding carrier 
compounds. Several types of compounds have been 
proposed as carriers, but none has won universal sup- 
port (6). Recently, from observations on the effect 
of ribonuclease on absorption of calcium by Elodea 
cells and from cytological evidence, Lansing and 
Rosenthal (4) have suggested that ribonucleic acid 
may function as an ion-binding carrier compound dur- 
ing salt absorption. The results reported here lend 
support to their proposal. 

In this study, mung bean (Phaseolus aureus) were 
germinated and grown at 25°C with roots in an 
aerated 10M CaCl, solution which was changed 
daily. The first centimeter of root. tip was excised 
from 3-day-old seedlings. Fifty root tips were placed 
in a beaker, washed, and treated with a solution of 
crystalline ribonuclease (100 »gm/ml) for short periods 
at 25° C. The enzyme was preheated at 70° C for 20 
minutes before use. Control roots were similarly 
treated but without the enzyme. After enzymic treat- 


1 Received January 6, 1956. 


ment the roots were washed and placed in a 10*M 
solution of either RbCl with Rb** or KH,PO, with P??. 
The activities of the solutions were less than 5 ype,’l. 
In some eases the solutions contained Ca(NOs). of 
10-3 M. The roots were allowed to absorb Rb or 
phosphate for 30 min at 25° C under vigorous aera- 
tion. After the absorption period, the roots were 
washed several times with inactive salt solution of 
10-2 M and water and dried at 100°C. The radio- 
activity of the roots was determined in the conven- 
tional manner. 

Typical results showing the effect of ribonuclease 
on Rb and phosphate absorption are presented in 
table I. The data are the means of duplicate deter- 
minations. The experiment has been repeated several 
times with similar results. The data indicate that 
there was a very marked effect of the enzyme on Rb 
absorption by mung bean roots. The enzymic effect 
was apparently influenced strongly by the presence of 
Ca in the absorption medium. In the absence of Ca 
in the absorption medium, the ribonuclease pretreat- 
ment enhanced the uptake of Rb by roots. The ab- 
sorption was linear up to one hour. Rb uptake in the 
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TABLE [| 


Errect oF RIBONUCLEASE ON RUBIDIUM AND PHOSPHATE 
ABSORPTION BY ExcIsEp Muna Bean Roots 





PRETREATMENT CALCIUM IN ABSORPTION 





TIME WITH ABSORPTION 
ENZYME MEDIUM RusipluM PHOSPHATE 

min M cps cps 
No pretreatment 0 8.4 4.2 

10 0 14.2 3.6 

20 0 19.6 2.7 
No pretreatment 10° 20.4 13.4 

10 10° 8.0 93 


20 10° 


42 8.3 


presence of Ca, however, was depressed by the pre- 
treatment. Similar results were obtained with 10° M 
MgSO,; but NaNOgz of 10-3 M had little or no effect. 
These results indicate an interaction between the 
effects of ribonuclease and polyvalent cations. The 
absorption of phosphate, on the other hand, was less 
affected by the enzyme and was decreased both in the 
absence and presence of Ca by the pretreatment. The 
depressing effect of Ca on Rb absorption by enzyme- 
treated roots is interesting in view of previous reports 
(7, 8) that Ca enhances salt uptake by normal roots. 
This can also be seen in the data in table I which 
show a marked stimulation by Ca of both Rb and 
phosphate absorption by control roots. 

From the results presented in table I, it appears 
that ribonucleic acid, or more probably a ribonucleo- 
protein, could be involved in ion transport during salt 
absorption by plant roots. Lansing and Rosenthal 
(4) have cited several chemical and cytological evi- 
dences supporting the role of ribonucleic acid as an 
ion-binding carrier compound. Tanada (7) has re- 
cently shown that Rb absorption by excised mung 
bean roots is markedly affected by ultraviolet radia- 
tion of 2537 A, a wavelength which is strongly ab- 
sorbed by nucleic acids. It is realized, however, that 
all these evidences are indirect in nature; but they 
could be utilized for obtaining direct evidence on the 
identity of ion transport compounds. 

Additional support for the contention of Lansing 
and Rosenthal (4) that some ribonucleic acid is local- 
ized on cell surfaces was obtained by repeating their 
technique of staining with toluidine blue after ribo- 
nuclease treatment. According to Heller and Kopac 
(2), toluidine blue is specific for ribonucleic acid. In 
this investigation, excised mung bean roots were pre- 
treated for 20 min with a ribonuclease solution (100 
pygm/ml). The roots were washed and placed with 
control roots in a toluidine blue solution of 10 ppm 
for 5 min. The stained roots were then washed with 
water. It was easily apparent that the enzyme-treated 
roots stained less than control roots. Microscopic 
observation showed some staining localized near the 
surfaces of cells. Incidentally, Lundegardh has com- 
mented on the presence of nucleotides in cell surfaces 
(5). It is possible that the action of ribonuclease 


might not be localized only at the surface of cells 


Recent investigations by Kaufmann and Das (3) and 


by Brachet (1), using longer time of treatment or 


greater concentration of-enzyme, suggest that ribo- 
nuclease can enter into cells. These results, however, 
do not exclude some ribonuclease action near the sur- 


faces as it enters into the cell. 

If the effects of ribonuclease reported in this paper 
were due to degradation of ribonucleic acids ner the 
external surfaces of root cells, there is a possibility 
that some of the degraded products of the nucleic 
acids might diffuse outward into the surrounding me- 
dium. With the object of exploring this possibility, 
after the usual enzymic treatment of roots the ribo- 
nuclease solution was analyzed spectrophotometrically 
in the ultraviolet with a Beckman DU spectropho- 
tometer. The solution showed two absorption maxima 
with the largest in the 250 to 260 my region and the 
other in the 290 to 300 my region. The absorption 
in the wavelength region of 250 to 260 mp could be 
due to purine- and pyrimidine-containing compounds 
formed from the degradation of nucleic acids. 

In order to determine whether the effects of ribo- 
nuclease reported here were specific for the enzyme, 
some of the experiments were repeated using crystal- 
line desoxyribonuclease (100 pgm/ml). The results 
indicated that up to 20 min of pretreatment, desoxy- 
ribonuclease had no effect on the absorption of Rb 
and on the staining by toluidine blue of excised mung 
bean roots. 


SUMMARY 


The effects of crystalline ribonuclease on Rb and 
phosphate absorption and on staining by toluidine 
blue of excised mung bean roots were investigated. 
The enzymic pretreatment increased the uptake of Rb 
in the absence of Ca and Mg. In the presence of Ca 
and Mg, treated roots absorbed markedly less Rb. 
Phosphate absorption was decreased both in the ab- 
sence and presence of Ca by the ribonuclease treat- 
ment. Root cells pretreated with the enzyme showed 
less staining with toluidine blue than untreated cells. 
Desoxyribonuclease had no effect on Rb uptake and 
on staining by toluidine blue of excised roots. Ribo- 
nuclease solutions which were in contact with excised 
roots showed two absorption maxima in the ultra- 
violet, one at 250 to 260 mp and the other at 290 to 
300 mp. These results have been interpreted to sug- 
gest the involvement of a ribonucleoprotein in ion 
absorption by mung bean roots. 


The writer wishes to express his appreciation to 
Dr. A. W. Specht of the Horticultural Crops Research 
Branch for his assistance with the ultraviolet absorp- 
tion measurements. 
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KINETIN AND AUXIN ACTIVITY! 


R. S. pbEROPP 


ResEARCH Division, AMERICAN CYANAMID CoMPANY, 
Peart River, New York 


Kinetin (6-furfurylaminopurine) has been shown 
to increase the rate of cell division in tobacco wound 
eallus tissue when used in conjunction with 2 hgm/ml 
of indoleacetic acid (IAA) (2, 3). The present ex- 
periments were undertaken to determine the effect of 
kinetin on the responses of fragments of sunflower 
hypocotyl to IAA previously described (1). 

The sunflower hypocotyl test for multiple auxin 
activity (1) was employed because this test demon- 
strates not only the stem-elongation inducing activity 
of an auxin but also its growth promoting (in the 
sense of increase in dry weight) and root initiating 
activity. Ail these activities have been shown to be 
correlated with auxin concentration, point of applica- 
tion of the auxin and position on the hypocotyl from 
which the fragment was excised. Sterile sunflower 
embryos were germinated on agar in darknes as de- 
scribed previously (1). When three days old they 
were removed and the 5-mm fragment immediately 
below the cotyledon (apical) and the fragment im- 
mediately above the root (basal) were removed. The 
fragments were transferred to sucrose mineral agar to 
which IAA and synthetic kinetin had been added be- 


1 Received January 10, 1956. 


TABLE I 


AveRAGE LENGTH oF APIcAL Hypocotyt FRAGMENT 
AFTER 3 Days’ Cutture witH ApPicat END oN 
SM Acar + IAA (0.1 uaM/ML) + KINETIN 
(MEANs oF 10 EstIMaATEs) 








KINETIN CONC (uGM/ML) 








IAA ————— _ 
1.0 0.1 0.01 0 
mm mm mm mm 
Present ..... 10.0 128 13.0 16.2 


Absent ...... 9.7 11.0 11.0 


j 5 | 








TABLE II 


FRESH AND Dry WEIGHTS oF APICAL FRAGMENTS 
AFTER 14 Days’ CuLturE witH BasaL END ON 
SM Acar + IAA (1 u«GM/ML) + KINETIN 
(Means oF 10 EstIMarTEs) 








KINETIN CONC (uGM/ML) 








1.0 0.1 0.01 0 
AA ———— ——_———_- —— oe 
c 9) 0) i) 
ms ee eS oe 
onl -- i = ‘> -- a >) = -- [+] 
EEAE HEAP BEAS HEAE 
mg mg mg mg mg mg mg mg 
Present ... 228 14 208 14 259 16 245 13 
3 


Abeent...... 9: © Tt 7 59 3 53 





fore autoclaving in the concentrations shown in the 
tables. Stem elongation was studied using apical 
fragments placed upright with their apical ends in 
contact with the agar and cultured in complete dark- 
ness for 3 days. Weight increase and root production 
by apical fragments were studied by placing the frag- 
ment with the basal end on the agar and culturing it 
in darkness for 14 days. Weight increase and root 
production in the basal fragments were studied by 
placing the basal 5 mm with its apical end on the agar 
and culturing it for 14 days. At the end of the growth 
period, length, fresh and dry weights and number of 
roots on each fragment were determined. Average 
values obtained are shown in tables I, II and III. 
Ten replicates were used in each experiment. The 
means are subject to a standard error of + 10%. 
The following conclusions can be drawn from these 
figures: 

1. The elongation induced in apical sunflower frag- 
ments by IAA (0.1 »gm/ml) applied to the apical end 
of the fragment was completely suppressed by 1.0 
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TABLE III 


AVERAGE NUMBER OF Roots on Basat FRAGMENTS 
AFTER 14 Days’ CuLtture witH APicat END oN 
SM Acar + IAA (0.1 waM/ML) + KINETIN 
(MEANS or 10 Estimates) 








KINETIN CONC (uGM/ML) 








IAA —— — - 
1.0 0.1 0.01 0 
Present ...... 0 2.0 3.0 3.6 
Absent 


ere e 0 0 0.5 0 


pgm/ml of kinetin and partly suppressed by 0.1 and 
0.01 »gm/ml of kinetin. 

2. In the absence of auxin, 1.0 »gm/ml of kinetin 
suppressed the elongation of such fragments on su- 
crose mineral agar. 

3. The increase in fresh weight and dry weight 
induced in apical sunflower fragments cultured on 
sucrose mineral agar by 1 pgm/ml of IAA was not 
significantly changed by the presence of kinetin at a 
concentration of 1, 0.1 or 0.01 pgm/ml. 

4. In the absence of auxin, 1.0 and 0.1 pgm/ml 
kinetin produced a significant increase in fresh and 


dry weight of these fragments which was about half 
that produced by 1 pgm/ml of IAA. 

5. The initiation of adventitious roots induce: by 
0.1 »gm/ml of IAA applied to the apical end of |iasal 
sunflower ‘fragments was inhibited completely by 1 
pem/ml of kinetin and partially by 0.1 pgm/ml 
kinetin. 

6. In the absence of auxin, kinetin did not induce 
the initiation of adventitious roots in these fragments. 


The author acknowledges the technical assistance 
of Mrs. E. Markley. The 6-furfurylaminopurine used 
in this work was synthesized by Dr. M. W. Bullock. 
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ANESTHETIZATION BY DI-ETHYL ETHER AND THE TRANSPORT 
OF FOLIAR APPLIED RADIOCALCIUM?:?:3 


M. J. BUKOVAC, S. H. WITTWER anv H. B. TUKEY 
DEPARTMENT OF HortIcULTURE, MIcHIGAN STATE UNIversity, East LANSING, MICHIGAN 


The absence of downward transport of Ca*> in 
higher plants has been reported by Bledsoe (1), Nor- 
ton (4), Martin (3), and others. It has been subse- 
quently determined in our laboratory that there is 
little or no transport of Ca*> through graft unions of 
herbaceous plants involving reversed polarity (2). 
This has suggested the possible role of polarity in the 
movement of calcium. That polarity in plants might 
be temporarily suspended by mild anesthesia has been 
recorded by Went and Thimann (5). 

Accordingly, Ca*®Cl, was applied dropwise to one 
of the two fully expanded primary leaves of the bean 
(Phaseolus vulgaris, var. Black Valentine). Plants 
with a Ca*5-treated primary leaf were then grouped 
as follows: 


(a) The primary leaf treated with Ca*® was exposed 
for 96 hours in a 500-ml glass jar at room tem- 
perature to vapors from 25 ml of ether (di- 
ethyl). 

(b) The leaf opposite the Ca*-treated leaf was ex- 
posed to ether as in (a) above. 


1 Received March 6, 1956. 

2 Journal Article No. 1870 from the Michigan Agricul- 
tural Experiment Station. 

3 This work was supported by a grant from the Atomic 
Energy Commission, Biological and Medical Division, 
Contract AT (11-1)-159. 


(c) The Ca*5-treated leaf was placed in a compara- 
ble glass jar with no ether. 

(d) The leaf opposite the Ca*5-treated leaf was 
placed in a comparable glass jar with no ether. 


Plants were harvested after the designated 96 hours 
of exposure and autoradiograms were prepared as de- 
scribed by Wittwer and Lundahl (6). 

In contrast to previous experiments demonstrating 
the absence of downward transport of calcium in 
plants, exposure of the Ca*5-treated leaf to ether re- 
sulted in considerable transport of Ca*® out of the 
leaf and into other parts of the plant including the 
roots (fig 1). When the primary leaf opposite the 
Ca*5-treated leaf was subjected to ether vapors (group 
b) some basipetal transport of Ca*® was noted within 
the leaf itself. No transport, however, occurred out 
of the Ca*5-treated leaf when the opposite leaf was 
anesthetized. Likewise, no appreciable basipetal trans- 
port of Ca*® was evident from the site of application 
in either group (c) or (d). Under the conditions 
described the leaves subjected to ether vapors and +o 
Ca*® exhibited no visible injury and no modification. 


SUMMARY 


The immobility and absence of downward trans- 
port of calcium in bean plants has been established 
with radiocalecium. Bean leaves treated with Cat®Cl. 
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as Fic. 1. Autoradiograms showing distribution of foliar applied Ca* in the bean plant. (Left) Anesthetized 

T. Ca*-treated leaf showing considerable transport out of the treated leaf; (upper, right) (S-treated leaf opposite an 

I PI g PI 

‘ anesthetized leaf showing very little transport; (lower, right) Ca‘*-treated leaf with no basipetal transport of C* 

mK from a plant receiving no anesthetization. 
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EFFECT OF SPRAY RESIDUES AND OTHER CONTAMINANTS 
ON LEAF ANALYSIS?:? 


HARALD E. HAMMAR 
HortTicutturaL Crops RESEARCH BrANCH, AGRICULTURAL RESEARCH SERVICE, 
U.S. DEPARTMENT OF AGRICULTURE, SHREVEPORT, LOUISIANA 


The problem of obtaining fruit- and nut-tree leaves 
free of surface contamination for mineral analysis has 
been of serious concern to workers in the field of plant 
nutrition. Several investigators (2, 5, 6, 7, 8) show 
that surface contamination may cause serious errors 
in iron, arsenic, and other constituents of fruit-tree 
leaves, and they stress the importance of its removal 
prior to chemical analysis for these elements. Bennett 
(2) and Jacobson (5) report that washing fruit-tree 
leaves in distilled water was not sufficient for the com- 
plete removal of surface contamination. Jacobson 
states that a thorough washing of the leaves in dilute 
acid is a prerequisite for valid quantitative analysis 
for iron. Lindner (6) reports that surface contami- 
nation on peach leaves near apple and pear orchards 
sprayed with lead arsenate may be sufficient to cause 
serious errors in analysis for arsenic. Smith et al (8) 
found that serubbing both sides of leaves in 0.3 N 
HCl or neutral detergent was necessary for removal 
of surface contamination from citrus leaves. More 
recently, Mason (7) investigated several methods of 
cleaning apple leaves prior to chemical analysis and 
studied the effect of leaf washing on leaching of min- 
era! constituents from the tissue. 

Fungicidal sprays are necessary for the control of 
certain. diseases of pecan, walnut, and other nut and 
fruit trees. In order to evaluate leaf-analysis data 
from fertilizer experiments, two leaf-washing tests 
were conducted to determine what effect spray resi- 
dues have on the composition of pecan leaves; whether 
mineral elements such as Cu and Zn are absorbed 
from the spray mixture; and whether spray residues 
can be effectively removed from the leaves without 
leaching mineral elements from the tissues. 

In the first experiment, leaf samples were collected 
August 17, 1951, from several sprayed and unsprayed 
40-year-old pecan trees of the Delmas variety in a 
scab-control experiment at Winona, Texas. Four uni- 
form samples of 20 leaves each were collected from 5 
trees which had been previously sprayed with Bor- 
deaux mixture and Ziram (zine dimethyldithiocarba- 
mate), and a like number from unsprayed trees, the 
third leaf from the terminal end of each shoot being 
taken for the samples. 

The fresh green leaves were washed first in running 
tap water, both sides of each leaflet being scrubbed 
with a cotton swab, then for 1 minute in 0.56% HCl 
(by volume) or in 1 % HCl, twice in distilled water, 
and finally in Cu- and Zn-free water. Aliquots of the 


1 Received revised manuscript March 9, 1956. 

2 This paper was presented at the Plant Physiology 
section of the 52nd Annual Convention of Southern 
Agricultural Workers in Louisville, Kentucky on Febru- 
ary 7, 1955. 


256 


various wash solutions were retained for analysi: for 
Cu and Zn. 

The second experiment was set up to study further 
the effectiveness of washing and other aspects of spray 
residue contamination on pecan leaves. Two sets of 
pecan leaf samples were collected at Robson, Louisi- 
ana, September 2, 1953, from twelve 25-year-old 
Schley trees which had been sprayed with Cu- or Zn- 
containing materials. One set of 4 samples of 30 
leaves each were obtained from 6 trees which had 
been sprayed with 4 applications of Bordeaux mixture, 
and a like number of samples from 6 trees which had 
received 4 spray applications of Zineb (zine ethylene- 
bisdithiocarbamate) on the dates when the Bordeaux 
spray was applied. Leaves in the 4 samples from 
trees given each spray treatment were treated as fol- 
lows: 1) not washed; 2) scrubbed on both sides under 
running tap water and rinsed in distilled water and in 
Cu- and Zn-free water; 3) scrubbed and washed first 
under running tap water and then 1 minute in 0.5% 
HCI solution and rinsed as in 2); 4) treated the same 
as in 3) except that 1% HCl was substituted for 
0.5 % HCl. 

After drying, the leaflets in both experiments were 
stripped from the rachises and ground in a Wiley 
laboratory mill equipped with a nickel-plated 20-mesh 
sieve. The leaves from the first experiment were 
analyzed for Cu and Zn, while those from the second 
experiment were analyzed for nitrogen and _ several 
mineral constituents. Standard methods (1) were 
used for the determination of N, P, Mg, Mn, and Fe, 
while K, Ca, and Na were determined by flame pho- 
tometry. Modifications of the dithizone method for 
Zn (4) and of the dithiocarbamate method for Cu (3) 
were used in analysis for these elements. 

Analyses of the wash solutions from Delmas pecan 
leaves in the first experiment showed that very little 
Cu or Zn was removed by the second washing of 
leaves with distilled water after they had been washed 
with acid, whereas a relatively high amount was re- 
moved by the subsequent water washings from leaves 
washed only with water. The Cu and Zn analysis of 
the washed leaves showed that water alone was not 
sufficient to remove the Cu spray residue, and that 
the HCl solution was more effective at 1% than at 
0.5 % concentration. Although the Cu found in the 
sprayed leaves after washing with 1 % HCl was prob- 
ably not all internal, it is assumed that most of the 
difference between 24 ppm Cu found in the unsprayed 
leaves and 61 ppm Cu found in the acid-washed 
sprayed leaves was due to absorption of Cu froni the 
Bordeaux spray. 

The data in table I indicate that the Schley leaves 
from the second experiment absorbed Cu from the 
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TABLE I 


CHEMICAL CONTENTS OF WASHED AND UNWASHED SCHLEY PecAN LEAVES 


(OvEN-pry Basis) 








%o 








KIND OF SAMPLE * e 


ASH N r 


K 








Ca Mg Mn Fe Cu Zn Na 





Leaves Sprayed with Zineb 


PR ONOIR  aioe aan fer créract alae 8.94 2.06 0.130 0.740 2.12 0.540 180 118 62 360 250 
Washed with H.O .......... 884 212 0130 0.740 2.12 0.546 180 90 48 125 240 
Washed with 0.5% HCl .... 883 2.18 0.130 0.735 2.11 0.552 180 70 25 96 230 
Washed with 1% HCl -..... 8.77 2.13 0.130 0.745 2.12 0.540 180 70 24 74 240 
Leaves Sprayed with Bordeaux 
en a ere ee 966 2.04 0.125 0.740 2.23 0.540 136 155 1525 88 165 
Washed with H.O ...... Sen 922 2.12 0130 0.740 221 0.556 136 95 950 60 175 
Washed with 05% HCl .... 9.17 2.15 0128 0.745 222 0.552 136 80 260 50 195 
Washed with 1% HCl ..... 915 2.08 0.128 195 44 180 





Bordeaux spray and Zn from the Zineb spray. Simi- 
lar results were obtained by Smith et al (8), who con- 
cluded that citrus leaves previously sprayed with ma- 
terials containing Fe, Cu, and Zn should not be used 
for diagnostic purposes for those particular elements 
because of apparent absorption. 

The washing procedures had very little leaching 
effect on the nitrogen and mineral constituents com- 
monly determined in leaf analysis, i.e. N, P, K, Ca, 
Mg, Mn, and Na. This was clearly demonstrated by 
the work of Smith et al (8) and Mason (7), who 
showed that leaching of elements by various leaf-wash- 
ing procedures was negligible when the immersion 
time was limited. The present results, together with 
a large number of analyses of other washed and un- 
washed pecan, almond, filbert, and walnut leaves from 
unsprayed trees made during the past few years, show 
that Fe is the only element which was seriously 
affected in quantity by washing the leaves prior to 
analysis, in most cases being several times higher in 
samples of unwashed leaves because of surface con- 
tamination with dust. Washing did not appreciably 
alter the Ca content in the leaves sprayed with Bor- 
deaux mixture, the accumulation of Ca in the residue 
from four applications of the spray not being enough 
to be measured in the analysis. 


SUMMARY AND CONCLUSIONS 


A series of leaf samples from unsprayed Delmas 
pecan trees and from similar trees sprayed with Bor- 
leaux mixture and Ziram, and two series of leaf sam- 
ples from Schley pecan trees which had been sprayed 
vith Bordeaux mixture or with Zineb were washed 
vith water alone, with 0.6% HCl or with 1% HCl 
outica, and then analyzed for several elements to 
a ccanine the effectiveness of the washing procedure 
i.e removal of spray residues and other surface 
eoutumination. 

‘ypray residues and other contaminants were effec- 
tively reduced by washing with 1 % HCl solution and 
rinsing twice with distilled water, but a thorough 


0.740 2.22 


* All washed-leaf treatments include complete washing procedure. 


0.540 


136 75 


washing with water was found to be inadequate. Re- 
sults show clearly that there was no appreciable leach- 
ing of the chemical constituents of the leaf as a result 
of the washing procedures used. Pecan leaves appar- 
ently absorb copper and zine from spray solutions 
containing them, and this fact must be considered in 
evaluating analytical data for these elements even 
though the leaves are thoroughly washed prior to 
analysis. 

Nut-tree leaves generally carry enough iron as sur- 
face dust contamination to seriously alter the analysis 
for iron. The same may be true for other elements in 
some localities, and therefore it should be determined 
whether such contamination occurs before making 
analysis for any of the mineral elements. Also, the 
residues of Bordeaux mixture and Ziram and Zineb 
sprays contain enough copper and zinc to alter the 
chemical results for these elements. 
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News AND NOTES 


THE AMERICAN SOCIETY OF PLANT PHYSIOLOGISTS 
ON THE ForMATION oF Sections: The Executive 
Committee of our Society directed that a note be 
drafted by a special committee pointing out for our 
members at large the conditions regulating section for- 
mation and the advantages which can accrue from 
such area groups. These are outlined for general 
information. 

Constitutional Provision: Article IV of the Con- 
stitution relative to the formation of “Local, State, 
and Regional Sections” states: 

1. Local, state, and regional sections of this organi- 
zation may be formed upon the petition of 10 mem- 
bers resident in the locality, state, or region, providing 
that such (local,) * state, or regional organization is 
approved by a majority of the members voting on the 
petition. 

2. Such sections shall have local autonomy in re- 
gard to their manner of organization, the holding of 
meetings, and other activities, providing that none 
of the local regulations violate any provisions of the 
Constitution. 

3. Any section which fails to maintain at least 10 
active members is automatically discontinued. 

Present Sections: At present, there are four regional 
sections and one local section. The former encompass 
the Northeastern, Southern, Western, and Midwest- 
ern areas and are so designated. The Washington 
Section is delimited to the Washington, D. C., area. 

Recent Section Changes: At an earlier date, there 
existed sections of local or state area status including 
the Minnesota, Purdue, and Illinois Sections. The 
Minnesota group became inactive. The Purdue and 
Illinois groups requested recognition as a unified sec- 
tion to be called the Midwestern Section. This union 
was favorably recognized by the A.S.P.P. Executive 
Committee to include these two groups as well as 
members from Minnesota and other states in the 
region. This new status was approved as furthering 
a more comprehensive participation and a more active 
and effective area meeting. The local Illinois, Purdue, 
and Minnesota Sections were individually dissolved. 

Permission was granted the New England Section 
to change its name to the Northeastern Section. At 
the request of members in New York State, the possi- 
bility and desirability of a strong Middle Atlantic 
States Section has been considered: Until such a sec- 
tion is formed by members within this area, the 
Northeastern Section may feel free to invite physiolo- 
gists outside of New England. 


* Committee insert. 


Section Activities: During the course of the last 
year, the Illinois and Purdue groups held a joint meet. 
ing prior to the merger as the Midwestern Section, 
Invitational papers were read and round-table discus. 
sions were held on various phases of physiology. 

The Southern Section met with the Association of 
Southern Agricultural Workers, in Louisville, Ken- 
tucky. Two symposia were held and two sessions 
were devoted to submitted papers. Attendance was 


widespread and large. This activity has been impor- 
An annual meeting for 1956 hag 


tant for some years. 
been projected. 

The Western Section held its annual meeting, ag 
usual for many years, with the Pacific Division of the 
A.A.AS. The program included two symposia and 
four sessions of submitted papers. Attendance is 
always large, usually including our own members ag 
well as numerous participants from among other 
botanists. The symposia are generally jointly spon- 
sored with members of the Botanical Society and fre- ~ 
quently with members of the Western Society of Soil 
Science. 

Retrospection and Contemplation: All information 
and observation leads to the conclusion that section 
formation and active participation therein has been 
and can be of pleasure and benefit to our members, 
Meetings are held at times which do not conflict with 
or detract from our annual national meetings. The 
summer sessions of the Western Section with the Pa- 
cific Division of the A.A.A.S. (with which we are 
affiliated) as sponsor are particularly effective. These 
meetings serve those who cannot regularly attend the 
national fall sessions under the A.I.B.S. Much has 
been and can be accomplished at these area sessions. 

The Executive Committee of our Society has ree- 
ognized the inherent advantages of section association 
and participation. At its last session it went on 
record as encouraging section formation and meetings 
at times when additional discussion would be of bene- 
fit to our members. Members at large are urged to 
attend and participate actively in these sectional 
meetings and to invite and foster attendance by 
younger plant physiologists and others who as yet are 
not members of our Society. In this way it is hoped 
that we may enhance the effectiveness of our organi- 
zation in encouraging and promoting “the growth and 
development of plant physiology as a pure and ap- J 
plied phase of botanical science” and “the general 
welfare and good fellowship of plant physiologists.”— % 
Committee, A. S. Crarrs, H. A. Bortuwick, T#Gé¢ 
BROYER. 
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